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Abstract

Iron (Fe) oxides and hydroxides are common and abundant materials. They exhibit diverse
crystal structures, properties and phenomena by virtue of which they find a wide range of scientific and
technological applications. Controlled growth and manipulation of the specific structure and electronic
behavior to meet the requirements of a given application is a challenging problem in view of many
possible phases and composition of the resulting materials. The preparation method and experimental
conditions will, therefore, significantly affect the properties and performance of Fe oxides and
hydroxides. The goal of the project is to obtain Fe-based oxide/hydroxide catalytic materials and to
derive a comprehensive understanding of the microstructure and electronic properties. The obvious
relevance of the work it to optimize conditions to produce high quality Fe- based nanomaterials capable
of dissociating the water molecules and produce hydrogen. The present approach to synthesize Fe oxides
and hydroxides is based on a chemical route involving Fe-containing compounds. First step involved is
the precipitation of Fe hydroxide/oxide particles from iron salts in an aqueous and non-aqueous media.
The resultant precipitates consist of agglomerated nanoparticles. The size of the resulting Fe oxide and
hydroxide nanoparticle depends on the concentration of the original solutions. After precipitation, a
weak organic acid is added to obtain different concentrations. The samples were obtained at different
intervals of time. Structure modification and dispersion of nanoparticles have been achieved and
correlated with the concentration of the organic acid. It is demonstrated that the microstructure can be
controlled in order to tune the materials' electronic behavior. In addition, the incorporation of various
metal ions into the host matrix is explored in order to control the structure and electronic properties. The
results are presented and discussed in detail in this dissertation.
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Chapter 1: Introduction
1.1

Introduction
Oxides are fascinating from their electronic behavior point of view where a wide range of

insulators to superconductors with diverse crystal structure and phenomena can be realized [1-16].
Oxides in general, can be found in a wide variety of scientific and technological applications in the field
of electronics, optics, electro-optics, magnetism, information storage, sensors and actuators, batteries,
fuel cells, solar cells and so on.
Oxide materials can be synthesized using physical, chemical or electrochemical methods. In
chemical routes, is well known that by controlling the parameters during chemical reactions many
different phases, shapes and sizes of the same material can be obtained even at metastable temperatures
[17]; this facilitates the possibility of having an accurate control of the properties of the obtained
materials. The basic electronic properties depend not only on the material by itself but on the grain size
and microstructure. Therefore, by varying the physical properties, the catalytic properties can be
changed as result of changes in the electronic properties.
The focus of the present research is towards iron (Fe) oxides and hydroxides at the reduced
dimensionality, specifically in the regime of nanoscale dimensions. The fascinating properties,
phenomena and performance characteristics of Fe oxides and hydroxides (Fe-O/OH) have been subject
of numerous investigations for many years. Fe-O/OH have been recognized as the product (sometimes
undesirable [18, 19]) of iron corrosion and they had been avoided because in the most energy-favorable
scenario the product was consider as amorphous. With the growing field of the nanoparticulated
materials and the development of new techniques of characterization, it has been demonstrated that the
Fe-O/OH materials can be obtained as nanoparticulated materials, and as result there had been many
interesting results that derived in a wide range of applications. Specifically, the increasing number of
discoveries about the discrepancy between the intrinsic properties of the material and the same but
within the nanoregime, make Fe-O/OH an ideal system for interdisciplinary research. Figure 1 shows the

1

schematic diagram indicating the Fe-O/OH materials’ relevance to various branches of science,
engineering and technology.

Fig. 1.1: Relevance of iron oxides in science and technology

One interesting and promising application of Fe oxides and hydroxide is the dissociation of the
water molecule to produce hydrogen. Currently, tremendous amounts of research efforts have been
directed towards synthesizing Fe-O/OH materials suitable for this purpose. The potential of the electronhole pair (Eg = 2.1 eV [20]) produced by excitation from the steady state, is larger than the potential
needed to inject these electrons and holes to the water molecule (1.21 eV [21]), with the consequent
dissociation of the molecule and the further formation of molecular hydrogen and oxygen. The main
problem with this approach is that the valence band of iron oxide is slightly positive (0.343 eV [22])
than the level for hydrogen protonization (0 eV[22]), both referred to vacuum.

2

The central theme of this work is to study and characterize Fe-O/OH, both pure and metal-doped
materials, grown by chemical methods with a emphasis on fundamental understanding of the materials
for photocatalytic applications. The challenging scientific goal is to optimize a specific method to
produce unique materials with enhanced catalytic and photocatalytic properties. This goal can be
reached by modifying the grain size and microstructure of the resultant materials by the addition of an
organic acid [23].
1.2

Water dissociation
The simplest way to dissociate the molecule of water is by electrolysis. Two electrodes are

submerged in water and an electric potential greater than 1.23 V is applied to them; the principle is as
shown in Fig. 1.2.

Fig. 1.2: Electrolysis of water [Modified from 24]

The basic idea of this process is the extraction of two electrons from the water molecule on the
anode, leaving two ionized atoms of oxygen that will form a diatomic molecule of oxygen. The cathode
attracts ionized hydrogen atoms by electrostatic forces, once in the cathode; they bond to form a
molecule of diatomic hydrogen.
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The problem with this approach is the use of non-renewable methods to produce the required
electrons to dissociate the water molecule, leaving this array as a chemical battery.
1.3

Photo-catalytic dissociation of water molecules
The first experiment of photo-catalytic dissociation of water molecule was published in 1969 in

the Journal of the Chemical Society of Japan [25], and then published in Nature in 1972 [21]. In these
papers, Fujishima, Honda and Kikuchi reported the dissociation of water within an electrochemical cell
with platinum and titanium dioxide electrodes as cathode and anode, respectively (Fig. 1.3).

Fig. 1.3: Electrochemical cell used by A. Fujishima and K. Honda. Photons (hν) hit the anode (1)
producing electrons that generate an electric potential on the load (4) and are injected into
ionized hydrogen atoms on the cathode (2). 1) TiO2 electrode. 2) Pt electrode. 3)
membrane. 4) electric load. 5) volt meter [21]

The equations describing water dissociation are:

a =0V
2H + + 2e! "E""
# H2

c =1.23V
H 2O ⎯E⎯
⎯
⎯→½O2 + 2H + + 2e−

4

(1a)
(1b)

where Ea and Ec are the potentials in the anode and in the cathode respectively. The difference between
potentials of anode and cathode (1.23 eV) correspond to a wavelength of approximately 1000 nm that is
within the near infrared region of the electromagnetic spectrum. Water is transparent to the visible
region meaning that can be directly decomposed only by radiation with wavelengths shorter than 190
nm (UV) [21]. The only way to decompose water with visible radiation is by the aid of a photocatalyst.
The reactions leading to water dissociation are:

PC + 2hν → 2e− + 2 p +

(2a)

2 p+ + H 2O ! 1 2 O 2 + 2H +

(2b)

2e− + 2H+ → H2

(2c)

where PC is the photocatalyst and hν is the energy of the photon. Reaction 2a corresponds to the
excitation of two electron-hole pairs by two photons with the required energy within the photocatalytic
electrode; the value of this energy depends on the properties of the catalyst but must be greater than 1.23
eV because this is the energy required for the water dissociation. The holes are injected to the water
molecule where the ionized oxygen atoms combine to form a molecule as shown in reaction 2b.
Hydrogen atoms diffuse trough the water to the cathode where reaction 2c takes place, giving an overall
reaction:

H2O + 2hν → ½O2 + H2

1.4

(3)

Oxides
Oxides can be used in a wide range of applications. Depending on the material that has been

oxidized, the oxide can be used as thermal and/or electric insulator, semiconductor, conductors, and
even superconductors. Table 1 shows some examples of oxides with these characteristics.
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Table 1.1: Electronic properties of transition metal oxides of different types (after [24].)
Class of Materials
Metals
3d oxides
4d oxides
5d oxides
Semiconductors or insulators
3d
4d and 5d
4f
Nonmetal (semiconductor)-to-metal transition
3d
4d
4f
Superconducting transition

Examples
TiO, CrO2
MoO2, RuO2
ReO3, AxW3
MnO, CoO, NiO, Fe2O3, Cr2O3
MoO3, WO3, Nb2O5, Rh2O3
Pr2O3, Pr6O11, PrO2
V2O3, VO2, V3O5, V4O7, V6O13, Ti2O3, Ti3O5
NbO2
EuO
TiO, BaPb0.75Bi0.25O3, LiTi2O4, YBa2Cu3O7

Changing the stoichiometric relation between the oxygen and the other constituent elements can
vary the properties of the oxides. In addition, there are studies relating the change in properties with the
size of the constituent grains; the change in the properties that in the normal-like size are irrelevant, in
the nanorange become very significant.
1.2.1

Structure of oxides
Binary oxides exhibit at least eight different structures: rock salt, rutile, cuprite, fluorite,

corundum, ReO3, spinel and, shear and miscellaneous structures.
The rock salt structure (ac ≈ 4.2-5.2 Å) [24] is generally described as oxygen atoms along the
<111> direction in a cubic close packing structure, forming octahedral cavities where metallic atoms are
located. This is true if the oxide is in stoichiometry balance, but many rock salt oxides present a great
number of oxygen vacancies.
Oxides such as NiO, FeO, TiO and NbO tend to have a lot of oxygen vacancies leading to
formulae as Ni1-xO and Fe1-xO. Other cases can exhibit large deviations from stoichiometry; for
example, at high temperature, TiO contains 16% of vacancies in sites both cationic and anionic, these
large deviations are best represented by the formula (Ti3.3□0.7)(O3.3□0.7) where □ represents a vacancy
[24].
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The corundum structure is rhombohedral [24] (a ≈ 5.1 Å, α ≈ 55°), it has a near hexagonal
close-packed array of oxygen atoms, in which the 3+ cations occupy two-thirds of the octahedral holes,
if one half of the tetrahedral sites are filled the resulting structure is wurtzite. In this structure, the MO6
(being M the cation) octahedra are connected in a complex manner, sharing their vertices, edges and
faces. α-Fe2O3, α-Al2O3, Ti2O3, Cr2O3 and Rh2O3 possess this structure.
The spinels display close-packed arrangements of oxygen atoms having the stoichiometric
relation B3O4, where B is a small cation [24]. The cubic structure (a ≈ 8 Å) of these compounds can be
described as a cubic close packing of the oxide ions with one-eighth of the tetrahedral interstices and
half of the octahedral interstices occupied by the metallic ions. Considering the nature of the B ions, two
cases can be distinguished. The normal spinels B’B’’2O4 in which B’ and B’’ are located in the
tetrahedral and octahedral sites respectively (i.e. MgAl2O4) and the inverse spinels B’’(B’B’’)O4, in
which the tetrahedral sites are occupied only by the B’’ ions and the octahedral sites are occupied half
each by the B’ and the B’’ ions (i.e. Fe(MgFe)O4).
1.2.2

Electronic properties of oxides
The electronic properties of a solid are related to its structure and the way the electrons interact

with each other. The distribution of the valence electrons and the way they fill the sub-atomic levels
derives in the kind-of-bond between atoms and the atomic arrange. The results of these arrangements are
the properties of the material: the free energy, the strength, the electrical behavior, etc.
Monoxides of 3d transition metals, TiO to NiO, posses the rock salt structure and present
interesting properties (Table 1.1). While TiO and VO exhibit properties characteristic of itinerant d
electrons, MnO, FeO, CoO and NiO show localized electron properties. The properties can be
understood in terms of cation-cation and cation-anion-cation interactions in the rock salt structure [24].
In semiconductors, the electrical conductivity can be described as:

! = ni e (µe + µ p )
1
⎛ − Eg ⎞
⎟⎟
ni = (N c N v )2 exp⎜⎜
⎝ 2kT ⎠
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(1a)

(1b)

where µe and µp are the electron and hole mobilities, Nc and Nv are the effective density of states in the
conduction and valence bands respectively, Eg is the value of the band gap (the energetic separation
between the valence and the conduction bands), k is the Boltzmann’s constant and T is the temperature
in Kelvin.
From eqs. 1, the conductivity of a semiconductor basically depends on the number of electrical
carriers available to transport electrical charge, and amount of these electrical carriers depend on the
temperature of the solid. In the case of an excess of donors (atoms that present an excess of electrons in
comparison with their number of interatomic-chemical bonds, contributing with the total number of
negative charge-carriers) or acceptors (atoms that contribute with positive charge-carriers due to a
smaller number of electrons than interatomic-chemical bonds) at low temperatures (kT <<Eg) the
conductivity is extrinsic, and the conductivity will follow an exponential tendency dominated by the
type of predominant carriers in the solid. At high temperatures Nc ≈ Nv, leading to an intrinsic type
conductivity.
The electrical carriers in semiconducting oxides are mainly due to point defects. Each defect
brings an excess or deficiency of electrons within the surroundings of it, distorting the distribution of
electrical carriers with the consequent change in the band structure of the material. The defects that can
be present in a monoxide structure are shown in Fig. 1.2.
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Fig. 1.2: Net of a monoxide showing point defects. O: oxygen, M: metal, VM: metalic vacancy and
VO:oxygen vacancy, Mix: Metal atom in interstitial site, Oix: oxygen atom in interstitial site,
OMx, Mox: anti-structural defects, Fix, FOx, FMx: doping atoms in Frenkel (interstitial),
oxygen and metal sites.

1.3

Iron oxides-hydroxides
There are fifteen iron oxides/hydroxides. The most important ones are listed in Table 2. In

addition to these, Fe(OH)2, FeO, ε-Fe2O3, high pressure FeOOH, δ- Fe2O3, and Fe(OH)3 are major
oxides but as common as the ones presented in Table 2.

Table 1.2: Major iron oxides/hydroxides (after [25])
α-FeOOH
β-FeOOH
γ-FeOOH
δ'-FeOOH

Oxyhydroxides
Goethite
Akaganeite
Lepidocrocite
Feroxyhyte

Fe5HO8
α-Fe2O3
γ- Fe2O3
Fe3O4

Oxides
Ferrihydrite
Hematite
Meghemite
Magnetite

The basic structural unit of all FeIII oxides is an octahedron, in which each Fe atoms is
surrounded either by six O or both O and OH ions. The O and OH ions form layers are either hcp as in
goethite and hematite, or near to ccp as in lepidocrocite and maghemite. In both hcp and ccp structures,
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tetrahedral interstices exists between the O and OH in one plane and the anion in the plane above. The
two hcp structures are called α- (goethite and hematite) and the corresponding ccp are termed γ(lepidocrocite and maghemite).
The Fe3+ in octahedral positions may be partially substitute by other metallic elements with same
valence of similar size (Al, Mn, Cr and V i.e.) without distortion of the structure (isomorphous
substitution). However, this list is not limited to trivalent elements but some atoms with different
valence may be introduced substitutionally in cation sites as Ni2+, Zn2+, Cd2+, Pb4+ and Cu2+. The various
oxides mainly differ in the arrangement of the Fe(O,OH)6 octahedra.
Goethite, lepidocrocite and akagaenite (FeOOH forms), consist in double bands of edge sharing
FeO3(OH)3 octahedra. In goethite, the double bands are linked by corner-sharing, this form 2x1
octahedra tunnels crossed by hydrogen bridges.
Hematite consists of layers of FeO6 octahedra connected bay edge- and face- sharing, and
stacked perpendicularly to c direction. Two thirds of the octahedral interstices are filled with FeIII. The
face-sharing is accomplished by a distortion of the octahedral causing a regular displacement of the Fe
ions. Hematite synthesized at low temperatures in aqueous medium usually contains OH in the structure.
Table 1.3 summaries some of the basic properties of major Fe-O/OH.

Table 1.3: General characteristics of Iron minerals (modified from [27])
Mineral name:
Formula
Crystal system
Cell dimensions (nm)
Formula units, per unit cell, Z
Density (g/m2)
Octahedral occupancy
Standar free energy of
formation ΔG° (kJ/mol)
Solubility product (pFe + 3
pOH)

Hematite
α-Fe2O3

Maghemite
γ-Fe2O3

Magnetite
Fe3O4

Goethite
α-FeOOH

Lepidocrocite
γ-FeOOH

Ferrihydrate
variable

Feroxyhite
δ‘FeOOH

Akaganeite
β-FeOOH

Trigonal

Cubic or
tetragonal

Cubic

Orthorhombic

Orthorhombic

Trigonal

Hexagonal

Monoclinic

a=0.9956
b=0.30215
c=0.4608
4
4.26
1/2

a=1.2520
b=0.3873
c=0.3071
4
4.09
1/2

a=1.066
c=0.604

4
3.96
< 2/3

a=1.060
b=0.3039
c=1.0513
2
4.20
1/2

a=0.50340
c=1.3752

a=0.34

a=0.839

a=0.508
c=0.460

6
5.26
2/3

8
4.87
-

8
5.18
-

-742.8

-711.14

-1016.1

-488.6

-477.7

-699.0

n.k.

-752.7

42.2-43.3

40.5

n.k.

43.3-44

40.6-42.5

37-39.4

n.k

n.k
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8
3.56
1/2

1.4

Scope of the Work
The research goal of the dissertation topic is the production of Iron Oxide/Hydroxide

nanomaterials with the desired properties for the photo-catalytic dissociation of water molecules to
produce hydrogen. To fulfill this objective we produced Fe-O/OH nanoparticles following chemical
routes and solvent media, with the addition of a AcOH and some doped samples. The structural
characterization and electronic properties of the materials are measured looking for an enhance on the
properties related to water splitting.
1.5

Chapter description
This dissertation is divided into the following chapters:

Chapter 1: Introduction
Brief introduction about the process of water splitting and related topics is presented. The
description and properties of Iron oxides/hydroxides is also described. This chapter also presents a brief
explanation of photocatalaytic dissociation of the water molecule.
Chapter 2: Literature Review
Extensive review of literature dealing basically with the Fe-O/OH as the central material of this
research and the dissociation of the water molecule as the final application for the materials is presented.
Chapter 3: Experimental
This chapter is a compilation of methods and procedures related to the experimental preparation
of Iron oxides/hydroxides and the characterization of the samples. It includes brief explanations of the
specific methods used to perform the characterization, not going deep into the explanation of the theory
behind each procedure.
Chapter 4: Results and Discussion
This is the chapter where all the results obtained in the present are presented and discussed. It is
divided into subsections to describe the methods of preparation of the Fe-O/OH. Starting with a wellknown method followed by the modification of the material by the addition of an organic acid is first
discussed. After the basic method was explained, in the same chapter the change of the solvent media is
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presented. And finally, this chapter presents the basic results of doping the Fe-O/OH with three different
cations.
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Chapter 2: Bibliographical Review
The main goal of this research is the production of a material suited for the efficient dissociation
of the water molecule drive by solar energy. This material is intended to be based on Iron
Oxide/Hydroxides (Fe-O/OH) and modified to enhance the properties related to the photo-catalytic
application. Based on this, this chapter will present the review of literature dealing with water
dissociation in order to understand the requirements for such process, followed by a review of literature
concerning the Fe-O/OH.
2.1

Materials for photo-catalytic water splitting
The first experiment about water splitting by means of a photo-catalyzed reaction was published

in 1969 [25]. The experiment used TiO2 as the photo-catalytic material because the value of the
minimum of the conduction band is slightly above the hydrogen production level (0 eV) and the value of
the maximum of the valence band (ΔEg = 3.2 eV) is far below the water oxidation level (1.23 eV) [28].
Since this first reported experiment, there have been extensive research efforts dealing with the
characterization of TiO2 as a photo-catalyst [29-31] and numerous attempts to improve the efficiency of
this photo-catalytic cell by doping the TiO2 electrode [28, 32-34], trying different materials as photoelectrodes [35-44], modifying the micro/nano structure of the photo-electrode [45-51], applying
different methods of preparation [52-56], and some other interesting ideas as the chemical modification
of TiO2 [57], the use of two mixed-valence coordination compounds [58] and molecular photo-catalysis
[59].
2.1.1

Non-doped TiO2 as photo-catalyst
Titanium dioxide is one of the most investigated materials due to its surface properties making it

widely used as a model surface for water splitting. The stoichiometric surface (110) consist of
alternating rows of Ti4+ and bridging O2- ions along the [001] direction, which serve as point of water
dissociation to OH and the migration of H, leaving atoms of O ( 1 2 O 2 in eq. 2b). This atomic distribution
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and its related phenomena have been extensive researched and explained to the point that it can be used
as model for new materials [29,30].
2.1.2

Doped TiO2 as photo-catalyst
From simple experiments based on the previous knowledge of the material employed as a dopant

[32] to the rigorous study of the effect of the electronic band modification, the main goal of doping TiO2
is to modify the band structure of the TiO2 making it more suitable for water splitting. Gai et al. [28]
suggest the passivated doping of TiO2 in order to increase the value of the valence band maximum
(VBM). They state that the passivated (Mo-C)-TiO2 has a shift on the VBM of 0.85 eV, leaving the band
gap around 2.2 eV (fig. 2.1).

Fig. 2.1: The band structure comparison between pure TiO2 and TiO2:(Mo-C) calculated with LDA + U.
[28]

Simiyu et al. [33] found that the doping of TiO2 with Sn and prepared by a sol-gel method,
chemically shifted the Ti 2p and O 1s core levels giving a difference between the non-doped and doped
materials of 0.65 eV. The fact that the core levels shifted and the increase on the photocurrent due to an
increase in concentration of the redox electrolyte couple are interpreted as a positive increase of the
conduction band.
14

Murphy et al. [34] did an exhaustive study of the efficiency of water splitting by TiO2 photoelectrodes and based on their results and thermodynamic limitations, proposed a model to calculate the
efficiency of a material based on its band gap and the source of radiation, giving a minimum band gap
value of 2.03 eV (610 nm photon wavelength) for water splitting (fig. 2.2)

Fig. 2.2: The maximum photo-conversion efficiency possible as a function of semiconductor band-gap
wavelength. Results are given for AM1.5 global solar illumination, and illumination by the
xenon arc lamp with and without the water filter. The maximum band-gap wavelength of 610
nm is indicated; materials with greater band-gap wavelengths cannot be used to split water. [34]

2.1.3

New materials for photo-catalytic applications
Based on the knowledge derived from TiO2 and the research about of the interaction of water

with solid surfaces [35] and the growing interest in nano-materials, there is an expanding field of
research around new materials for energetic applications including the photo-catalytic dissociation of the
water molecule.
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Thimsen et al. proposed and developd a method to predict the band structure of simple mixed
metal oxide compounds [36]. Figure 2.3.a shows the prediction for the band edge of the Fe2O3-TiO2
system determined using their proposed method (mixed metal oxide band structure, MMOBS) based on
the electronic structure of the basis compounds. Fig. 2.3.b shows the absorption spectra of Fe2O3-TiO2
mixtures measured by diffuse reflectance spectroscopy.

b

a

Fig. 2.3: a) Electronic band edge positions of the Ti-Fe-O compounds determined by the MMOBS. The
valence bands lie on the lower portion of the diagram while the conduction bands lie on the
upper portion. b) Normalized UV-visible absorption spectra measured by diffuse
reflectance spectroscopy. [36]

They found that the model is accurate predicting the values of the band gap of mixed oxides but
it can only predict the trend of the band gap of doped materials, this due to self-interaction errors of the
DTF resulting in an underestimation of the band gaps.
The searching of materials with enhanced photo-catalytic properties does not stop with wellknown catalytic compounds as zinc oxide [37, 38] and tungsten oxide [39,40] but it extended to new
complex compounds such as TaON and ZrO2–TaON [40,41], Pt/ZrO2/TaON and Pt/WO3 [41], In1xNixTaO4

[42] and dirhodium compounds [43], within many other alternatives of materials.

16

2.1.4

Effect of the micro/nano structure on the photo-catalytic properties
Beydoun et al. [44] point the fact that the crystallites in nano-structured materials are smaller

than the wavelength of the incident light, making their dispersions optically transparent and the band gap
of the material becomes larger with decreasing particle size, according to:

h2
1.8e 2
!Eg =
"
8µ Rpart ! Rpart

(4)

where Eg is the value of the band gap, µ is the reduced effective mass of the excitation ( µ !1 = me!1 + mh!1 ,
being me and mh the masses of electron and hole respectively), ε the dielectric constant of the oxide and
Rpart the particle radius.
Ouyang et al. [45] found that boehmite-alumina films presented an increase in transmittance
when the films presented an oriented nanostructure because the relative index of refraction n → 1 so the
reflection coefficient (m) and the scatter coefficient (s) become smaller, deriving in an improve in the
transmittance of the material, as can be seen from equations 5 and 6:

" n !1 %
m =$
'
# n +1 &
32! 2 R 2V " n 2 !1 %
s=
$ 2
'
"4
#n +2&

(5)
(6)

where R and V are the radius and volume of the particle respectively and λ is the photon wavelength.
Serpone et al. [46] showed that one of the most discussed and studied phenomenon in relation
with the nanostructured materials, the quantum effects due to nanometric size, is not dependent only on
the size of the particles. They found that the blue shift in the emission spectra of nanometer structured
materials (previously attributed to quantum confinement) could be due to direct transitions between
valence and conduction bands as they found in their particles with diameters of 2.1, 13.3, and 26.7
nm.Not only nanoparticles are studied because their size but sometimes due to their controlled shape.
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There are cases of micro-spheres [47], nano-spheres [48], 1D structures [48, 49], 2D structures [50] and
more complex shapes as boxes and tree-like structures [51].
2.1.5

Methods of preparation
There are many methods dealing with the preparation of materials suited for photo-catalytic

water splitting. One of the most commonly used methods is sol-gel [52-54] mainly due to its facile and
inexpensive characteristics. There are other alternatives for growing samples such as metal-organic
CVD [55] and thermal spraying [56].In terms of electronic properties, there are no major differences on
the final result due to the method of preparation other than the difference in size and morphology, that
were previously discussed.
2.1.6

Other approaches to photo-catalytic water splitting
In addition to the well-studied and not completely understood methods of preparation for water

splitting, there are some other approaches. Khan et al. [57] prepared TiO2 samples that were chemically
modified. The samples were prepared by controlled combustion of Ti metal in a natural gas flame
resulting in a substitution of oxygen atoms by carbon atoms. The properties of the final material were
dramatically modified, changing the band gap of the material from ~3 eV to 2.32 eV with the
consequent improvement on the photo-catalytic properties of the material.
Rosenthal et al. gave another approach to the problem. They propose the use of two-electron
mixed-valence materials that may react in two- electron steps at the constituent redox sites, whether they
are metal or ligand-based.
Esswein and Nocera present [59] a complete list of methods and procedures based on the use of
molecules for photo-catalytic water dissociation; from complex organic structures to the use of living
organism-produced molecules such as chloroplast extracted from spinach.
2.2

Iron oxide used as a photo-catalyst
Iron oxide is a very promising material for photo-catalytic dissociation of water molecules in

theory due to its band gap of 2.2 eV [20, 60], its high affinity for water [61] and facile ways of
preparation [62-71]. The major problem with Fe-oxide is the short life of the electron-hole pair, giving
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an effective path length of about 4 nm [72]. There are many efforts directed towards the characterization
of the optical and photo-catalytic properties of Fe-oxides to improve the efficiency [62-103]. In addition,
as with TiO2, there are multiple experiments that attempted to improve the photo-catalytic response of
Fe-oxide by means of doping [78-90], micro/nano structure related properties [91-101] and some unique
approaches [102, 103].

2.2.1

Non-doped Fe2O3 as photo-catalyst
Iron oxide has the ideal band gap value of 2.2 eV to serve as a photo-catalyst to dissociate the

molecule of water, but it has a short electron-hole recombination time. Cherepy et al. [73] found that
iron oxides have extremely efficient non-radiative relaxation, possibly related to the dense band
structure, a high density of trap states or simply string coupling between trap sites. This provides some
insight into the poor efficiency of iron oxide as a photo-catalytic electrode, and they also state this still
remains as an interesting and challenging problem to try to develop techniques to modify the properties
of iron oxides, such as the electronic structure or density of trap states. He et al. [74] presented similar
results but they clearly differentiated between three different types of transitions in the γ-Fe2O3 and αFe2O3 nano-sized systems (fig. 2.4), and in the case of Fe3O4 they found a strong absorption in the
visible region but no structure making difficult to resolve its different transitions. They also found the
blue shift in the band of 400-600 nm to be related to the reduction in size of the particles. Hsu and
Matijević [75] found the same blue shift in the Uv-vis region, related to the size of the nano-particles
and they confirm it by Lorenz-Mie theory calculations.
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I

II

Fig. 2.4: Optical properties of iron oxides of different sizes as indicated on the plot, units are nm. I) (a)
Absorption and (b) reflectance spectra of the α-Fe2O3 and II) (a) Absorption and (b)
reflectance spectra of the γ-Fe2O 3. [74]

These results may seem disappointing, but it is a challenge as suggested by Cherepy et al. Itoht,
and Bockris [76] fight back this issue by stacking many devices to increase the overall efficiency with
promising results, and even if somebody remains skeptical about the use of iron oxides as photocatalysts, all the research will serve to many different purposes. Yasuhisa Maeda et al. [77] take
advantage of the facile method of preparation of iron oxides and its photo-response and use it to remove
Pb2+ under visible light radiation.
2.2.2

Doped Fe2O3 as photo-catalyst
Titanium is the natural dopant material option to be employ [36, 78-80], always giving good

results but not astounding ones. It was found that in the case of titanium, the behavior depends on the
amount of Ti and the method of preparation [36], the heat treatment of the samples [78].
As the results are not completely satisfactory, there have been continuous efforts to find the right
dopant/additive, combined with the right amount and the ideal preparation method. Some of this
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attempts include the doping with Tin [79, 80], precious metals such as gold an silver [81], platinum [82],
different metals such as aluminum [83], molybdenum and chromium [84], calcium and strontium [85],
niobium [86], silicon [87, 88], tantalum and zinc [80], tungsten [89] and copper [90] in order to obtain a
p-type Fe2O3 photo-electrode.
2.2.3

Effect of the micro/nano structure on the photo-catalytic properties of Fe2O3
As previously mentioned, another way to enhance the optical properties of a material oriented to

photo-catalytic reactions is to modify the nano structure. From nanostructured electrodes [62, 91-97] 1D
nano-structures such as nano-rods [98] and nano-tubes [99, 100] up to complex nano-structures such as
cage-like iron oxide hollow spheres [101], the main goal is to achieve a device where the short life time
of the electron-hole pair can be diminish by making the grain size as small as the recombination
distance, being this around 4nm, as stated before.

2.2.4

Other approaches to photo-catalytic water splitting by Fe2O3 electrodes
One interesting approach to improve the efficiency of the photo-catalytic cell based on iron oxide

photo-electrodes is the use of a p-type semiconductor as a photo-cathode. Ingler Jr. and Khan [90]
deposited a Cu-doped iron oxide thin film by spray pyrolysis, achieving an overall efficiency of 2.9%.
C. The method showed to be reproducible based on the measurement of the photocurrent of three
different samples (Fig. 2.5). Leygraf et al. [102] investigate the effect of having photo-catalytic
materials on both electrodes, n-type Fe2O3 was prepared by doping the iron oxide with silicon and the ptype iron oxide was doped with magnesium and silicon. The main advantage of this cell is the no
requirement of an applied bias voltage.
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Fig. 2.5: Photocurrent density, jp, at an illumination intensity of 40mW/cm2 versus the measured
potential, Emeas (V vs. SCE) of three p-type Fe2O3 films synthesized by spray pyrolysis
methods to demonstrate the reproducibility for the synthesis of p- type Fe2O3 by copper
doping. [90]

Another approach is the use of additives in the electrolyte solution. Du et al. [103] found that the
addition of hydrogen peroxide, silver nitrate and sodium fluoride enhanced the rate of decomposition of
Orange II dye, and found evidence that the degradation occurs by photo-catalytic reactions of the
semiconducting iron oxide.
2.3

Acetic Acid and Iron Oxide
The research works that involve iron oxide with acetic acid deal with the preparation of the

material but based on organic chemistry. Marijan Gotić and Svetozar Musić [104] synthesized iron
oxide nanoparticles in a non-aqueous medium by autoclaving iron (III) acetate and alcohol, and iron (III)
acetate, acetic acid and alcohol solutions at 180 °C (fig. 2.6).
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Fig. 2.6: FE SEM micrographs of samples obtained dissolving iron (III) acetate in ethanol and heat
treated at 180 °C after (a) 2 hrs and (a’) is an enlarged section of a showing discrete
particles on the surface of one sphere; (b) sample 8 hrs and (b’) an enlarged section
showing the “scratched” particles completely consisting of smaller nanosize particles; (c)
sample 16 hrs and (c’) an enlarged section showing nanosized discrete particles. [104]

Their samples are composed by nano-sized particles that in the case of ethanol are round-shaped
agglomerations and only magnetite was formed, but in the case of octanol the nano-particles did not
agglomerate and some hematite was formed. The addition of acetic acid generated water molecules
when reacted with ethanol, producing greater amounts of hematite.
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The other reported interaction of acetic acid and iron oxide is the dissolution of the oxide
because it is considered as a contaminant in metallurgy. Panias et al. [105] and Lee et al. [106]
investigated the use of oxalic acid as a dissolvent for iron oxides. These papers are important because
they state that acetic acid does not dissolve the iron oxide. Ambikadevi and Lalithambika [107] went
further and found that acetic acid showed the least effect on leaching the Fe2O3. Kuriacose and Jewur
[108] discovered that below 400°C, the reaction of ketonization is a surface phenomenon involving the
interaction of two adsorbed molecules of acetic acid, one of them forming ketene as an intermediate,
utilizing the dehydration and dehydrogenation activities of the catalyst. At higher temperatures, the
reaction takes place through the formation of a salt. Above 400 °C, the Fe2O3 is converted in the initial
stages to Fe3O4, and the real catalyst is Fe3O4, while at temperatures below 400 °C, the catalyst is Fe2O3.
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Chapter 3: Experimetal
3.1

Materials growth and deposition methods
There are a number of applications of solid-state oxides such as gas sensors, catalysts, photo-

devices, electrochemical devices and full cells (within many other) that are surface-area sensitive. It is
important to have oxides with a high surface/volume ratio as powders, thin solid films and most recently
nanoparticles. Various methods to produce such materials are briefly described below.
3.1.1 Chemical Methods to Grow Oxides
The high surface/volume ratio requirement can be reached by preparing the oxides in aqueous
media; the basis of this approach is reported elsewhere [27, 109]. In these procedures, compounds with
the required metal atom are dissolved in water and the oxides are precipitated by the addition of
reactants. Three methods are the most relevant coprecipitation, sol–gel and microemulsion [110].
Coprecipitation
Coprecipitation is the most conventional method to prepare oxide powders. This process
involves dissolving a salt precursor, usually a chloride, oxychloride, or nitrate, such as AlCl3 to make
Al2O3, Y(NO3)3 to make Y2O3 and ZrOCl2 to make ZrO2. As first step, the corresponding metal
hydroxides usually form and precipitate in water by adding a basic solution such sodium hydroxide or
ammonium hydroxide to the salt solution. The resulting chloride salts, i.e., NaCl or NH4Cl, are then
washed away and the hydroxide is heat up after filtration and washed to obtain the final oxide powder.
This method is useful in preparing composites of different oxides by coprecipitation of the
corresponding hydroxides in the same solution. Variations of this method are: Sonochemical
coprecipitation: in which the chemical bonds are broken by ultrasound waves usually between 20 kHz
and 10 MHz. The second variation is called High–Gravity Reactive Precipitation (HGRP), originally
used to prepare metal carbonates and hydroxides. It consist of a rotating packed bed under high-gravity
environment and the rate of mass transfer between the gas and the liquid is one to three orders of
magnitude larger than that in conventional packed bed.
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Sol-gel
This technique has been known to the scientific community for a long time to prepare metal
oxides. The process typically involves synthesis of metal oxides via the hydrolysis of metal reactive
precursor, usually alkoxides, in an alcoholic solution resulting in the corresponding hydroxide.
Condensation of the hydroxide molecules by given off water leads to the formation of a network of
metal hydroxide. When the hydroxide species undergo polymerization by condensation of the hydroxy
network, gelation is achieved and a dense porous gel is obtained. The gel is a polymer of threedimensional skeleton surrounding interconnected pores. Heat treatment is necessary to obtain the desired
oxide from the hydroxide made. This process will be further discussed in detail.
3.1.2

Microemulsion
The method consists of a ternary mixture of water, a surfactant or a mixture of surface-active

agents and oil. It uses an inorganic phase of water-in-oil microemulsions which are isotropic liquid
media with nanosized water droplets that are dispersed in a continuous oil phase. In the solvothermal
technique, the metal complexes are decomposed thermally either by boiling the contents in an inert
atmosphere or by using an autoclave. A suitable capping agent or stabilizer such as long-chain amine,
thiol, or trioctylphospine oxide (TOPO) is added to the reaction at a suitable point to hinder the growth
of the particles and, hence provide their stabilization against agglomeration. In the template technique, a
material is used as mold in which the precursor is solidified and then the mold is calcinated, leaving only
the oxide.
3.1.3

Sol-Gel
Since the beginning of its use, the sol-gel term has been a controversy term. Many scientists

prefer the term colloid instead of sol-gel; the thru is that both words refer to the same topic: particles
small enough to be immersed in a different phase. Some researchers try to distinguish between the two
concepts by meaning of size, but it is as vaguely as the concept of nano is. Some others use the concept
of colloid in a general way and sol and gel are part of the colloid concept.
Brinker [110] states: “A colloid is a suspension in which the dispersed phase is so small (~1 –
100 nm) that gravitational forces are negligible and interactions are dominated by short-range forces…
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The inertia of the dispersed phase is small enough that it exhibits Brownian motion…” and specifies the
sol as “… a colloidal suspension of solid particles in a liquid.” Cao [111] defines “Sol-gel processing is
a wet chemical route for the synthesis of colloidal dispersions of inorganic and organic – inorganic
hybrid materials, particularly oxides and oxide – based hybrids.”
Jones [112] affirms that the sol-gel “…term is used very broadly and covers a wide range of
colloidal and macromolecular systems and therefore requires some degree of sub classification” and
give its own definition “… the sol is a system which allows chemical species to become stable in
solution but on a level where the species have either acquired a particle size or molecular weight
whereby the sol is only just stable and if the conditions of solvation or suspension are changed slightly
this can lead to destabilization of the sol…”.
Wood and Dislich presented a clarifying paper in the First International Symposium on Sol-Gel
Science and Technology, 1994 [113] called An Abbreviated History of Sol-Gel Technology. They
presented one of the not-so-abundant correlations between sol and gel “A sol is a fluid, colloidal
dispersion of solid particles in a liquid phase where the particles are sufficiently small to remain
suspended by Brownian motion. A gel is a solid consisting of at least two phases wherein a solid phase
forms a network that entraps and immobilizes a liquid phase. The term ‘sol-gel’, however, has become
much more broadly applied in the literature to include systems containing neither true sols nor true gels.
Sol-gel has thus evolved to include most ceramic preparative techniques involving dissolved and/or
colloidal precursor”. The most common steps in the sol-gel process are represented in fig. 3.1.

27

Fig. 3.1: Overview of the Sol-Gel process. [110]

Size: Basic principles
The governing factor in particle formation and growth is the thermodynamic principle of energy
minimization. The free energy of a particle (or system) is always trying to reduce its free energy ΔG by
changes in composition, shape, volume, etc. This change in energy is directly related to the particle
dimensions by the volume free energy ΔGv and the surface free energy γ by the equation

!G = V!Gv + A!

(7)

where V is the volume of the particle, A is its surface area and ΔGv < 0. Fig. 3.2 shows the energetic
particle-size behavior of a sphere and different polyhedrons. These differences in behavior (and the
intrinsic material energetic differences) lead to different shapes and sizes.
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Fig. 3.2: Free energy of a particle depending on its radius r or its side a. Sphere, Icosahedron,
Cuboctahedron and Truncated Cuboctahedron. a ~ 2r; volume free energy ΔGv and surface
free energy γ are the same for all the particles for comparison

The size of the particles will depend on the solubility and it is related to their radius by

⎛ 2γ V ⎞
S = S 0 exp⎜ SL m ⎟
⎜ R Tr ⎟
⎝ g
⎠

(8)

where S0 is the solubility of a flat surface, γSL is the solid-liquid interfacial energy, Vm is the molar
volume of the solid phase, Rg is the ideal gas constant, T is the temperature and r is the particle radius.
From this equation we can see that the effect of size on solubility is most important for particles with
diameters < 5 nm; smaller particles in this size range will tend to dissolve and precipitate in large
particles. This process of particle growth, known as Ostwald ripening, will raise the average diameter of
silica particles from 5 to 10 nm at pH > 7, whereas at low pH the growth will be negligible for particles
larger than 4 nm. The final particle size increases with temperature and pressure, as both factors
increases the solubility of silica [110].
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Equation 8 predicts a continuous size increase once some critical point is achieved; the size
stabilization of such particles into the nanosize regimen is successfully described by the DLVO theory
(named after its principal creators: Derjaguin, Landau, Verwey and Overbeek). The net forces between
particles in suspension are assumed to be attractive van der Waals forces and the electrostatic repulsion
created by charges adsorbed by the particles. The repulsive barrier depends on two types of ions that
make up the double layer: charge determining ions that control the charge on the surface of the particle
and counterions that are in solution in the surroundings of the particle, and act to screen the charges of
the potential determining ions. For hydrous oxides the charge-determining ions are H+ and OH-, which
establish the charge on the particles by protonating or depotonating the MOH bonds on the surface of
the particles:

M – OH + H+ → M – OH2+

(9a)

M – OH + OH- → M – O- + H2O

(9b)

or

The ease of which protons are added or removed from the oxide (the acidity of the MOH group)
depends on the metal atom. The pH at which the particle is neutrally charged is called the point of zero
charge (PZC). Reaction 9a gives the particle a positive charge when pH < 3, meanwhile at pH > 4
reaction 9b predominates and the particle is negatively charged.
Chemistry of inorganic precursors
Hydrolysis
When dissolved in pure water metal cations M z+, often introduced as salts are solvated by
water molecules according to
H ⎡
H ⎤
M +:O
→ ⎢M ← O
H ⎣
H ⎥⎦

z+

z+
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(10)

For transition metal cations, charge transfer occurs from the field 3 a1 bonding orbital of the
water molecule to the empty d orbitals of the transition metal. Depending on the water acidity and the
magnitude of the charge transfer, the following equilibrium is established and is defined as hydrolysis
[110].

[M(OH 2 )]z+ ↔ [M − OH]( z−1) + H + ↔ [M = O]( z−2 ) + 2H +

(11)

This defines the three types of ligands present in noncomplexing aqueous media:

M-(OH2)

M-OH

Aquo

Hydroxo

M=O
Oxo

In general, hydrolysis is facilitated by increasing the charge density on the metal, the number of
metal ions bridged by a hydroxo or oxo ligand, and the number of hydrogen atoms contained in the
ligand. Hydrolysis is inhibited as the number of hydroxo ligands coordinating M increases.
Under acid conditions spontaneous hydrolysis

[MO N H 2 N ]z+ + pH 2O → [MO N H 2 N − p ]( z− p )+ + pH 2O +

(12)

is limited by the cleavage reaction of the O-H bond due to the polarizing power of M.
Condensation
It can proceed from two different nucleophilic mechanisms depending on the coordination of the
metal. When the preferred coordination is satisfied, condensation occurs by nucleophilic substitution:
X
|
M1 – OX +M2 – OY → M1 – O – M2 + OY
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(13)

However, when the preferred coordination is not satisfied, condensation can occur by
nucleophilic addition:
X
|
M1 – OX +M2 – OY → M1 – O – M2 – OY

(14)

In condensation Olation can be distinguished because a hydroxy bridge (“ol” bridge) is formed
between two metal centers; and Oxolation is a condensation reaction in which an oxo bridge (– O –) is
formed between two metal centers.
Polymeric species and gelation
Whether precipitation or gelation occurs depends not only on processing factors (such as pH
gradients, temperature and speed of mixing) but also on the condensation kinetics. For example,
homogeneous gels can be formed by adding base to Cr3+ aquo-ions (3d3 ions) that have rather low
dimerization rate via olation. By comparison Fe3+ ions (3d5 ions) that exhibit non-ligand field
stabilization exhibit high dimerization rate and form only precipitates [110].
Role of the anion
In addition to the aquo, hydroxo and oxo ligands, most aqueous systems also contain anions
introduced by dissolution of inorganic salts in water. These anions compete with aquo ligands for
coordination to the metal centers and affect the morphology of the forming nanoparticle.
Chemistry of organic precursors
Metal alkoxides, M(OR)z, are in general very reactive due to the presence of highly
electronegative OR groups that stabilize M in its highest oxidation state and leave M very susceptible to
nucleophilic attack.
Hydrolysis and Condensation
In the absence of catalyst for coordinatively saturated metals, hydrolysis and condensation occur
by mechanisms of nucleophilic substitution involving nucleophilic addition, followed by proton transfer
from the attacking molecule to an alkoxide or hydroxo-ligand within the transition state and removal of
the protonated species as either alcohol (alcoxolation) or water (oxolation) [110]
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H

R
\
/
H – O + M – OR → O: → M – OR → HO – M ← O → M – OH + ROH
|
/
\
H
H
H

(15)

Hydrolysis
R
/
M – O + M – OR → M – O: → M – OR → M – O – M ← O → M – O – M + ROH
|
\
\
H
H
H

(16)

Alcoxolation
H
/
M – O + M – OH → M – O: → M – OH → M – O – M ←:O → M – O – M + H2O
|
\
\
H
H
H

(17)

Oxolation

The thermodynamics of reactions 15, 16 and 17 are governed by the strength of the entering
nucleophile, the electrophilicity of the metal, and the partial charge and stability of the leaving group
[110].
Role of the catalyst
A catalyst, either acid or basic, can influence the rates of both hydrolysis and condensation, and
the structure of the condensed product. Acids protonate negatively charged alkoxide groups, enhancing
the reaction kinetics by producing good leaving groups,
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H
/
+
+
M – OR + H3O → M ←:O + H2O
\
H

(18)

and alkaline conditions produce strong nucleophiles via deprotonation of hydroxo ligands:

L – OH + :B → L – O- + BH+

(19)

where L = M or H and B = OH- or NH3 [110].
Structure of condensed products
The structure of condensed products depends on the rates of the hydrolysis, oxolation,
alcoxolation and olation. Their contributions also depend on internal parameters such as the nature of the
metal atom and alkyl group, and the molecular complexity as well as external parameters such as
concentration, catalyst, solvent and temperature. Due the fast kinetics of these reactions, relatively little
information is available about the progressive structural evolution in transition metal oxide systems.
All the reactions can be subjected to chemical modifications by alcohols, chlorides, acids, bases,
etc. The later is commonly employed to retard the hydrolysis and condensation reaction rates in order to
control the condensation path. In most cases the modification occurs by a nucleophilic substitution
reaction between a nucleophilic reagent (XOH) an the metal alkoxide to produce a new molecular
precursor:

XOH + M(OR)z → M(OR)z-x (OX)x + xROH

(20)

or by a nucleophilic addition:

XOH + M(OR)z → M(OR)z(OX)N-z
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(21)

depending on the coordinative saturation of M. The nucleophilic addition occurs when M is
coordinatively unsaturated (N –z >1 in eq. 19).
Aqueous metal salts
The preparation of homogeneous powders for studies of phase relations is one of the earliest
applications of the sol-gel technology. The intimate mixing of components facilitated preparation of
equilibrium phases. One direct approach to obtain fine powders is to spray a salt solution into a base to
precipitate hydroxide powder. Homogeneity is improved by allowing the solution to gel. Some materials
seem to be amorphous in XRD due the size of its particles but were found to be crystalline by electron
diffraction.
3.1.4

Deposition Methods
There are many techniques available to deposit and grow thin films, depending on the nature of

the precursor they can be divided in physical routes and chemical routes. Physical routes include
physical vapor deposition (PVD) and sputtering; with many variations depending if the method includes
plasma, radio frequencies, reactions within the chamber, etc. On the chemical branch, there are so many
techniques as chemical vapor deposition (CVD), spray pyrolysis, dip coating and spin coating between
others. Both later techniques will be introduced in this work because they are the most referred
procedures to obtain thin films from sol-gel precursors.
Spin Coating
Spin coating or spin-on is a well-known technique because it is commonly used to resin coat
silicon wafers in the microchip fabrication industry. It consists in the formation of a film due to
centrifugal forces, from a drop of resin deposited on a rotating substrate.
In spin coating there are four principal stages that can be distinguished: deposition, spin-up, spinoff, and evaporation (Fig. 3.3 a to d).
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Fig. 3.3: Stages of spin coating process. a) Deposition, b) spin-up, c) spin-off and d) evaporation [110]

Deposition
This stage is illustrated in Fig. 3.3a and it is the stage when the sol-gel is deposited on a static
substrate. It is a common practice to dispense more sol-gel than needed in order to guarantee the
uniformity of coverage on the entire substrate surface; if the surface is not full covered the final film can
present uncoated regions (Fig. 3.4). The previous description corresponds to a static deposition of the
sol-gel, but this process can be done in a dynamic way, this is when the sol-gel is deposited over a
rotating substrate generally at 500 rpm. In the dynamic deposition, less sol-gel can be used due to the
uniform distribution during the deposition.

Fig. 3.4: Uncoated areas [115]
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Spin-up
In this stage (Fig. 3.3b), the substrate with the sol-gel is accelerated up to its final speed. The
acceleration and final speed depends on the viscosity and the desired thickness: high viscosities need
higher accelerations in order to distribute uniformly the sol-gel by inertia, but if the acceleration is so
high, there is a risk of total material lost. The final speed is optimal when the film thickness is uniform
and the film is rotating at the same speed as the substrate. This equilibrium is achieved when the viscous
shear drag balances the rotational forces.
Spin-off
The spin-off stage is achieved when the sol-gel and the substrate are rotating at the same speed
(Fig 3.3c). The main characteristic of this stage is that fluid viscous forces are dominating the film
thinning behavior. Due to the fluid dynamics, the film thins uniformly and may present some edge
effects because the sol-gel flows outward depending on the viscosity, but this effects are negligible if the
sol-gel exhibit a Newtonian viscosity and the initial deposition is uniformly distributed.
To calculate the final thickness the film speed and substrate speed must be in equilibrium given
by [116]

∂ 2v
− η 2 = ρω 2 r
∂z

(22)

where η is the viscosity of the fluid, v is the film velocity in radial direction, ρ is the sol-gel density, ω is
the angular speed and z and r are cylindrical coordinates. When this equilibrium is reached, the
imposition of boundaries and assuming that the early stages are flow dominated and later stages are
entirely evaporation dominated, the final coating thickness can be calculated by:
1

"
%3
e
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# 2 [1! c0 ] K &
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(23)

ρω 2
3η

(24)

e = Ce !

(25)

K=

and

The evaporation rate e depends on the constant Ce and the square root of the angular speed. Ce
takes in account vapor pressures, diffusion rates and vapor boundary layer thickness. The square root
dependence on the angular speed arises from the rate-limiting-step diffusion through a vapor boundary
layer above the spinning substrate.
Evaporation
In the fourth stage (Fig. 3.3d) the predominating effect is the solvent evaporation. The thin film
is in equilibrium with the substrate and all the solvents present in the sol-gel are evaporating. This
evaporation leads to an increase in the viscosity ant the thinning of the film to its final thickness which
can vary if the film is subject of further process as heat treatments.
Drying stress and cracking
As the film adheres to the substrate and is impeded to shrink due to evaporation, the reduction in
volume is accommodating completely by reduction in thickness. When the film has solidified and stress
can no longer be relieved by flow, tensile stress (σ) develops in the plane of the substrate and can be
estimated by:

" E %" f ! f %
''$ s r '
! = $$
# [1! " ] &# 3 &

(26)

where E is Young’s modulus, ν is Poisson’s ratio, fs is the volume fraction solvent at solidification point
and fr is the volume fraction of residual solvent in the dry film. For films that adhere well to the
substrate, the critical thickness for crack propagation or the pinholes grow is given by:
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(27)

where K Ic is the critical stress intensity or fracture toughness and Ω is a function that depends on the
elastic modulus of the film and substrate (~1). For films thinner than hc, the energy required to extend
the crack is greater than energy gained from relief of stresses near the crack so cracking is not observed.
Control of microstructure
The final microstructure depends on: 1) the structure of the entrained inorganic species in the
original sol (size and fractal dimension, i.e.). 2) the reactivity of the species (condensation and
aggregation rates, i.e.). 3) the time scale of the deposition process (related to evaporation rate and film
thickness) and 4) the magnitude of shear and capillary forces that accompany film deposition (related to
surface tension of the solvent or carrier and surface tension gradients).
The most common means of controlling film microstructure is through particle size. For
unaggregated, monosized particulated sols, the pore size decreases and the surface area increases with
decreasing particle size.
Equipment
In this work we use a Laurell WS-6505-6NPP/LITE shown in Fig. 3.5
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Fig. 3.5: Spin-coat system, Laurell WS-6505-6NPP/LITE

3.2

Characterization Techniques
The characterization of a sample has the same importance as its preparation; the present work is

focused equally on both subjects. The characterization of the material is based on the crystalline
structure of the material by the use of X-ray diffraction (XRD) and the topography of the sample by
Secondary Electron Emission-High Resolution Scanning Electron Microscopy (SEE-HRSEM). The
elemental composition of the samples was measured by Energy-Dispersive X-ray Spectroscopy (EDX)
and the optical properties were determined by by Uv-visible spectrophotometry.
3.2.1

X-ray Diffraction

Fig. 3.6: Basic geometry of XRD spectroscopy. Monochromatic incident X-ray radiation penetrates the
material and is reflected by the crystal planes.
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X-ray diffraction is a powerful and easy analysis to perform on a sample. It is not limited to one
type of property as many other characterization methods; with a single run, XRD is able to characterize
the crystalline structure, grain size, phase, mixture of phases and sometimes composition [117].
The basis of XRD analysis is the reflection of X-ray radiation from the crystal planes (Fig. 3.6).
The X-ray radiation coming from the source with an angle θ from the surface of the sample is reflected
with the same angle θ by crystallographic planes (hkl), and the angle between the incident and reflected
beams is 2θ. W. L. Bragg proposed the relation of the interplanar distance dhkl to the angle of the XRD
radiation θ and derived the corresponding geometric relations for the first time. This equation is known
as Bragg’s law:

nλ = 2d hkl sin θ

(26)

where n (integer) is the order of reflection of diffraction, λ is the wavelength of the X-rays, and dhkl is the
distance between the crystallographic planes (hkl) of the sample.
The plot of the intensity of the reflected X-ray beam versus the 2θ angle is unique for each
material. It consists in a series of peaks each one corresponding to a (hkl) plane with interplanar distance
dhkl, and due to this relation, the angle θ is known as the Bragg angle. The condition for the occurrence
of a peak in the plot is that all the X-ray radiation coming from the sample has the same phase, in other
words, that the radiation presents constructive interference. In terms of geometry (the meaning of
Bragg’s law), a peak happens when the path in excess that the X-rays have to travel inside the crystal
(dsin(θ) in Fig. 3.6) are an integer multiple n of the wavelength λ of the X-rays. The intensity of the peak
is related to the distribution of atoms in the (hkl) plane (structure factor): more densely populated planes
reflect higher X-rays intensities than poorly populated planes.
X-ray diffraction of each and every material is unique and characteristic of its structure. There
are many materials sharing the same crystalline structures (230 space groups combination of: 14 Bravais
lattices, 32 crystallographic point groups and 7 lattice systems; to represent the immense number of
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different materials), but in addition to the structure, the unique features of the XRD plots also depend on
the elements bonded to conform the matter. This means that even sharing the exact same structure
(Hematite: Fe2O3 and Ilmenite: FeTiO3, i.e.), the plots will show many differences making XRD an
important tool for the identification of materials; and by applying mathematical methods (deconvolution
i.e.), being able to differentiate between different compounds and even different phases of the same
material.
Perfect crystals and perfect Bragg angles will lead to perfect vertical lines in the intensity vs. 2θ
plot. Leaving apart for a moment the fact that the XRD machine induces peak broadening, the perfect
vertical lines are subject to broadening because the non-ideal condition of the material. A crystal with a
length of t on one direction, has a number m of composing planes separated bay an interplanar distance
dhkl giving t = m·dhkl. When t is comparable to the wavelength of the X-rays λ, the peak will broaden
following a Gaussian distribution. This effect is due to destructive interference when the measured angle
θ is near the Bragg condition by ± ∂θ. The condition for destructive interference is

⎛ m ⎞
⎛ m ⎞
⎜ ⎟λ = ⎜ ⎟2d hkl sin (θ + ∂θ )
⎝ 2 ⎠
⎝ 2 ⎠

(27)

Canceling the terms (m/2) and making the approximations cos ∂θ = 1 and sin ∂θ = 0 gives

2!! =

"
"#
t cos!

(28)

where β is the Full Width at Half Maximum (FWHM) of the Gaussian peak. P. H. Scherrer [118-120]
derived this equation based on experiments and data interpretation. From these experiments, it can be
noticed a systematic error that was correlated with the shape of the grains; the destructive interference
elongate the nodes in the reciprocal space projected on the Ewald sphere. The error was corrected by
adding a constant K that depends on the shape of the crystallite and do not differ too much from one.
Depending on the shape of the crystallites (from spheres to ellipsoids), the value of K is within 0.8 to
1.2. The most common value is K = 0.9.
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Equipment
The first samples analyzed by XRD were performed in a Sintag XDS 2000, but most analyzes
were run in a Bruker D8 Discovery shown in Fig. 3.7.

Fig. 3.7: X-ray machine, Bruker D8 Discovery

3.2.2

Scanning Electron Microscopy
The interaction of an electron beam with matter is the base of the SEM and EDX analyses.

Figure 3.8 shows the area and the products of the interaction between energized electrons and the solid
material.
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a

b

Fig. 3.8: Electron-matter interaction. a) Interaction volume. b) Products of interaction [121]

Fig. 3.9 is a basic scheme of an SEM microscopy. It shows the elemental components

Fig. 3.9: Basic scheme of an SEM microscope [122].

The gun at the top of the microscope produces an electron beam that is accelerated, deflected and
focused making a raster on the surface of the sample. The detector employed will depend on the interest
of the analysis. The microscope in Fig. 3.9 has detectors for Backscatter electrons, X-rays and secondary
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electrons. The analyses performed in this work only include the use of secondary electron and X-ray
emission.
Secondary Electron Emission
Secondary electrons are produced in the material within a region between 50 – 1000 Å [123].
These are low energy electrons that suffered inelastic collisions with the outer-orbital electrons of the
atoms conforming the solid. The contrast in this analysis is purely due to the topography of the sample.
The intensity of the spot on the screen corresponds to the amount of secondary electrons from the
area of the sample that is under the electron beam. By moving the electron beam making a scan on the
surface of the sample, the intensity of the image will vary following the topography of the scanned area
of the sample.
Energy Dispersive X-ray spectroscopy
The electrons hitting the sample excite electrons from the higher occupied orbital of the atoms
making them jump to the next orbital [123]. These excited electrons will return to a ground state
(normally Kα, Kβ and Lα transitions) by radiating an electromagnetic wave with the same energy as the
difference between orbitals. The energy radiated has a frequency corresponding to X-ray radiation and is
specific of each atom. It is important to collect X-rays with energies up to 20 KeV because the lines of
some elements are very close but the distribution of the rest of lines differ, giving a distinct pattern
helpful to discern between elements. If two elements have very close Kα energies, the elements can be
distinguished bay analyzing the position of the Kβ energies.
Equipment
The SEM images and EDAX analysis were performed in a Hitachi S-4800, shown in Fig. 3.10
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Fig. 3.10: SEM microscope, Hitachi S-4800

3.2.3

Uv-vis spectrophotometry
Electrons and holes are not only excited by thermal energy but by electromagnetic radiation.

When a photon with energy equal or higher than the bandgap of the material interacts with the solid, the
electron stroked by the photon receives enough energy to jump to the conduction band, absorbing the
photon and leaving behind a hole. This mechanism is known as photoexcitation of an electron-hole pair.
The electric field of an electromagnetic wave with an angular frequency ω propagating along the
z direction can be described as [124]

E = E0 exp(i[Nkz − ωt ])

(29)

where k = 2π / λ is the module of the light wave vector in vacuum. |E0| is the electric field amplitude at
the origin of z, and N is the complex refractive index defined by
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N = n + iκ

(30)

The real part of N is the normal refractive index n equal to de ratio of the speed of light in
vacuum c and in the medium ν. The imaginary part κ is the extinction coefficient. Imaginary and real
parts of the complex refractive index are depend on the frequency ω leading to a complex refractive
index N ≡ N(ω).
The intensity of the light wave I is proportional to the square of the electric field module I ~ |E| =
EE*, and by applying k = ω / c on eq. 29, the equation defining I is

⎛ 2ωκ
I = I 0 exp⎜ −
c
⎝

⎞
z ⎟
⎠

(31)

where I0 is the intensity of the incident wavelength. Equation 31 has the same structure as the LambertBeer law,

I = I 0 exp(− α x )

(32)

The Lambert-Beer law relates the intensity I of light coming out of a medium, with the intensity
of the incident light I0 after traveling a distance x within a medium which coefficient of absorption is α.
Based on equations 31 and 32, the coefficient of absorption is defined by

α=

2ωκ
⎛ I ⎞
= x ln⎜ 0 ⎟
c
⎝ I ⎠

…(33)

This equation allows the calculation of the coefficient of absorption by measuring the intensity of
the radiation transmitted through the material. This absorbance is governed by the difference of energy
between the valence and conduction bands of the material. If the minimum of the conduction band has
the same wave vector than the maximum of the valence band, the electrons will only need energy greater
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or equal to Eg to become excited being this known as a direct transition. On the other hand, an indirect
transition happens when the wave vector is different for the minimum and maximum of the conduction
and valence bands respectively; this process requires the aid of an emitted or absorbed phonon. There is
a third type of allowed transition: the forbidden direct transition, and it happens when a local minimum
of conductance band and a local maximum in the valence band, with wave vector different from cero,
are equal. Table 3.1 summarizes these transitions and presents the relation between the coefficient of
absorption and the wavelength.

Table 3.1: Frequency dependence expected for semiconducting materials [39].
Type of tranistion

Frequency dependence

Indirect

α (ω ) ∝ (ω − ω g ± Ω )2

Direct allowed

α (ω ) ∝ (ω − ωg )2

1

Direct Forbidden

3
2

α (ω ) ∝ (ω − ωg )

, for ω ≥ ωg
, for ω ≥ ωg

The relations from Table 3.1 are the basis for band gap calculation of thin film solid-state
materials. The intersection of the linear part of the plot (αhν)p vs. photon energy with the abscise
corresponds to the band gap of the material. The type of transition is determined by p; p = 1/2
corresponds to a material of indirect band gap, p = 2 indicates a direct ban dgap material and p = 2/3 is
and indicative of a direct forbidden transition. It is important to highlight that it is also possible to
calculate the energy of the phonons that helped the indirect transition.
Equipment
The Uv-vis-NIR analysis for this work were obtained by a Cary 500o spectrophotometer shown
in Fig. 3.11.
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Fig. 3.11: Uv-vi-NIR Spectrophotometer, Cary 5000.
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Chapter 4: Results and Discussion

4.1

Iron oxides prepared in water-based media
Precipitation is the most extensively method of preparation of Fe-based hydroxides/oxides. There

are many papers dealing with the procedure and the characterization of the variations of the method
[104, 125-129]. In the most basic terms, the method is based in the precipitation of hydroxides/oxides by
mixing a salt and a base, both in aqueous solution. The importance of this procedure lies on the
flexibility when choosing the chemical precursors and the un-expensive materials and facilities required
for its successful application.
4.1.1 Basic method of preparation
The present work on Fe oxides and hydroxides nanomaterials synthesis follows the procedure as
described in Fig. 4.1. The first stage is based on the recipe given by Brauer [125], and the second stage
is the formation/modification of the nanostructures based on the nano-particulate precipitates produced
on stage one.
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Fig. 4.1: Basic chemical route to prepare nano-structured iron hydroxides/oxides

In stage one, the chemical reaction producing the nano-particles of goethite is

Fe ( NO3 )3 ! 9H 2 O+3NH 3 " FeO (OH ) +3NH 4 NO3 +7H 2 O

(34)

Brauer reported [125]that this method produced amorphous goethite (! ! FeO (OH )) that can be
transformed to crystalline hematite (! ! Fe 2 O3 ) by heat treatment.
Crystal Structure
The XRD plots of samples subjected to different heat-treatments from stage one (Fig 4.1) are
shown in Fig 4.2.
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Fig. 4.2: XRD plots of samples taken from precipitates. All the samples were subjected to heat
treatments at increasing temperatures

It is evident the non-existence of diffraction peaks in the XRD plot of the sample at room
temperature (RT). The result is in accordance with Brauer [125]. The appearance of diffraction peaks
when the material is subjected to heat treatments at increasing temperatures probes the formation of the
6

iron oxide phase that was indexed as Fe hydroxide oxide ( Fe1.83 (OH)0.5O 2.5 , D3d , [130]) and hydrogen
6
incorporated Fe- oxide ( ! -Fe1.98 H 0.06 O3 , D3d , [131]), the difference between these two compounds is

minimum in terms of XRD curves. Both compounds can be considered as hematite with remnants of
water molecules within their structure.
The crystalline grain sizes at the Bragg angle θ of the samples were calculated by using
Scherrer’s equation (28) and solving for t
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t=

K!
" cos#

(35)

where β is the FWHM of the diffraction peak and K is a constant that depends on the shape of the
crystals with values on between 0.8 and 1.2 [119, 120]. In this work, we used the value 1.333 for
ellipsoidal particles [120], and it was later confirmed by TEM analysis (Fig. 4.6). Table 4.1 shows the
results of Scherrer’s formula applied to the first 5 planes (largest d-spacing, corresponding to the peaks
displayed on Fig. 4.2) of the samples that were heat treated at 573 K and 773 K.
Table 4.1: Value of the grain size (in nm) of the samples calculated for the 5 largest shown
crystallographic d-spacing in the XRD on Fig. 4.2
Plane
(012)
(104)
(110)
(113)
(024)

Temperature
573 K
28
21
29
27
22

773 K
39
34
46
41
38

Variation (%)
28.98
37.12
37.42
34.29
40.36

The increase in grain size with heat treatment is evident. This can be attributed to the formation
of crystallites of hematite from an amorphous goethite with non-distinguishable crystalline structure
from RT up to 473 K. The differences in the variation of the grain sizes indicate that the crystallites are
changing their shape and not only their crystalline structure.
To better understand the evolution of the material with the increasing temperature of the heat
treatments, we obtained some low-magnification TEM and high resolution TEM (HRTEM) images. Fig.
4.3 shows the TEM image of a sample that was dried at 300 K. It shows the agglomeration of the
particles that are not distinguishable at this scale.
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Fig. 4.3: TEM image of a sample with a heat treatment of 300 K

Fig. 4.4 presents a high resolution TEM (HRTEM) image of the sample presented in Fig. 4.3. It
was taken form the down-left zone of Fig. 4.3.
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Fig. 4.4: High resolution TEM (HRTEM) image form a sample subject to heat treatment for two hours at
300 K showing crystallographic planes.

In Fig. 4.4, the crystallographic planes of the material are clearly visible. Even though the sample
in the image shows crystallographic array, it has a short-range periodic arrangement so the XRD plots
show no peaks because there are no constructive interference to produce the diffraction peaks. Fig. 4.5
depicts another image of the same sample at the same scale, but in this case there are crystalline grains
clearly noticeable with a size ~5 nm, but in a complete random order. This and the fact that the particles
are highly agglomerated makes impossible to have constructive X-ray interference, able to conform a
peak in an XRD plot as illustrated in Fig. 4.2.
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Fig. 4.5: HRTEM image form a sample subject to heat treatment for two hours at 300 K showing highly
agglomerated grains with diameter around 5 nm.

To contrast the image shown in Fig. 4.3, Fig 4.6 shows the TEM image of a sample with a 2
hours heat treatment at 773 K. In this image, it is evident the presence of particles around 30 nm. Using
this value and the data from Table 4.1, we can attribute that the particles are crystals of hematite.
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Fig. 4.6: TEM image of a sample heat-treated for 2 hrs. at 773 K. Ellipsoidal particles are
distinguishable and show at least one dimensions around 40 nm

By comparing these images, it is also noticeable the change in shape of the particles. The
particles shown in Fig. 4.5 are almost spherical while the particles observed in Fig. 4.6 have an
ellipsoidal shape, fact that is in accordance with the variation in size calculated along different planes, as
presented in Table 4.1
As the method of preparation involves the purring of the base to the salt solution and this process
was done at ~50 ml/min, there are many variations on the size of the particles. Figure 4.7 shows a
hematite crystal with a diameter ~20 nm.
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Fig. 4.7: HRTEM of a hematite crystal. Shape characteristic of hexagonal crystals.

The shape of this crystal is in perfect agreement with the results of the characterization of the
change in phase from goethite to hematite due to heat treatment by Gualtieri and Venturelli [132]. The
shape presented by this crystal can be assumed to be the projection in 2D of a set of cuboctahedrons as
presented in Fig 4.8.
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a)

b)

Fig. 4.8: a) Projection of an icosahedron, a cuboctahedron and a truncated octahedron. b) arrange of
shapes obtained by projecting a cuboctahedron. This shape is in accordance with the shape
of the crystal depicted on fig. 4.7

An array of 23 cuboctahedrons is presented in fig. F.8b. This type of array can be obtained when
the plane perpendicular to the projection has a zone axis [001] i.e., as described in Ref. 132.
Morphology
The topography of the samples was analyzed by SEM. Figure 4.9 shows an SEM image of a
sample with a heat treatment of 2 hours at 300 K. It is evident from the SEM image that the material
conformed by agglomerated particles with dimensions smaller that 100 nm. There are some flat-surfaced
zones and some areas with a high roughness randomly distributed all over the surface of the sample due
to a fast increase of the temperature when drying the sample.
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Fig. 4.9: SEM image of a sample heat-treated for 2 hrs. at 300 K. The topographic features of the sample
are in agreement with the TEM image on fig. 4.3

Although the presence of particles is evident, in this case the particles are not crystals; they
merely are the agglomeration of material with a short-range arrangement as shown in Figs. 4.4 and 4.5.
This situation changes when the samples are subjected to a heat treatment at 773 K for 2 hrs. Scherrer’s
equation gives an average grain size value near 40 nm, which is confirmed by TEM on Fig. 4.6. This
facts lead to the conclusion that the nano-particles shown in Fig. 4.10 are indeed crystallites in the
sample. It is evident that the crystals are highly agglomerated leaving a small value of apparent porosity.
The SEM image shown in Fig. 4.10 exhibit a fracture perpendicular to the surface of the thin
film and a crack parallel to the surface of the film. This allows the observation into the film, which
displays a structure similar to the surface in terms of agglomeration.
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Fig. 4.10: SEM image of a sample heat-treated for 2 hrs. at 773 K. The topographic features of the
sample are in agreement with the TEM image on fig. 4.6
The agglomeration and the packing of the particles is better illustrated in Fig. 4.11.

Fig. 4.11: SEM image of a sample heat-treated for 2 hrs. at 773 K. The sample for this image was
scratched from substrate.
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The sample for Fig. 4.11 was scratched from the substrate in order to be able to see the inner
features of the material. The agglomeration and apparent porosity are in accordance with the features
shown in Fig. 4.10 and the TEM image in Fig. 4.6.
Optical properties
The optical properties of the samples are evaluated to determine the band gap of the material. As
previously described, the band gap of the sample can be calculated from the coefficient of absorption
and this can is related to the transmittance of the sample.
In order to be able to measure the band gap of the sample we make use of the optical density,
related to the coefficient of absorption by

!=

OD
x log(e)

(36)

Based on this relation and the fact that the thickness of the film x can be consider as constant, we
can change the relation on table 3.1 for the relations presented on table 4.1

Table 4.1: Frequency dependence expected for semiconducting materials in terms of OD
Type of transition

Frequency dependence

Indirect

OD (! ) ! (! " ! g ± ! )

Direct allowed

OD (! ) ! (! " ! g ) 2 , for ω ≥ ωg

Direct Forbidden

OD (! ) ! (! " ! g ) 2 , for ω ≥ ωg

2

1

3

Combining equations (33) and (36), and solving for OD we have

" T %
OD = ! log $
'
# 100 &
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(37)

In equation (37), T is the transmittance of the film in percentage. This is a very convenient
equation because the T is obtained directly form the Uv-vis measurements.
Figure 4.12 shows the graph of OD2 vs. the energy of the incident photon in order to measure the
direct allowed transitions (band gap in our case [20]) of the material.

Fig. 4.12: Optical Density plot within the Uv-vis range of radiations, of samples taken from precipitates
from stage one on fig 4.1. All the samples were subject to heat treatments at increasing
temperatures

It is difficult to discern the linear region of the plot to be used to find the band gap of the sample.
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A different approach can be used for the purpose based on the fact that the derivative is a
measure of how much a function changes as its input changes, so the change in transmittance T of the
sample as the energy of the incident photons E changes (frequency of the beam) can be obtained by
dT
calculating
.
dE
dT
In a plot of
vs. E, the local maximums mean an increase of transmittance and local
dE
minimums mean a decrease of the transmittance of the sample at that specific frequency, being the later
the same as an increase of the absorbance of the sample. These increases on the absorbance are directly
related with the amount of transitions of electrons form one energy level to another, being the energy of
the transition the same as the energy of the local minimum in transmittance. Figure 4.13 is a plot of the
first derivative of the transmittance respect to the energy of the photon beam versus the energy of the
beam.
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Fig. 4.13:

dT
vs. energy of the Uv-vis transmitted radiation of samples taken from precipitates from
dE
stage one on fig 4.1. All the samples were subject to heat treatments at increasing
temperatures

The only peak in absorbance (local minimum in transmittance) is shown by the sample subjected
to a heat treatment of 773 K. The energy of the peak is 2.16 eV, very close to the reported band gap
value of ~2.2 eV [20, 60]. It is expected that the samples with low temperature heat treatments do not
present the peak of absorbance around 2.2 eV due to the absence of long-range crystalline order. The
sample heat treated at 573 K does not show the peak either, although it has a crystalline structure (Fig.
4.2). There are no prominent peaks other than the maximum local at ~2.5 eV that can be attributable to a
transition between electronic levels that are present in goethite and hematite.
4.1.2

Effect of acetic acid in particles grew in aqueous media

Crystal structure
Acetic acid (AcOH) has proved to have a mild effect on iron oxide [104-108]. Figure 4.14 shows
the effect of the addition of increasing concentrations of acetic acid. The samples were taken and
prepared the same day the precipitates were prepared. There is no significant change in any feature of
the XRD plot; even the grain size remains the same for the three samples.
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Fig. 4.14: XRD plots of samples with different concentration of added AcOH and heat-treated 2 hrs. at
623 K. The samples were taken the same day of preparation of the precipitates and the
addition of AcOH.

In order to investigate the evolution of the effect of AcOH on iron oxide, Fig. 4.15 presents four
samples heat-treated five days after the addition of AcOH to the precipitates. There are no major
changes, neither grain size nor the structure; the only noticeable change is the relation between the
intensity of the diffraction peaks and the intensity of the noise for the XRD plot.
It is expected that the noise in the system be always within certain limits when making
measurements under the same conditions (scan peed, step size, slits size, detector array, etc.), so when
making analysis of different samples, the noise level is expected to be similar if not the same for all the
samples. When the SNR is high, the information contained in the data can be easily identified and
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extracted, meanwhile if the SNR is low (less than one) the information can be masked by the noise,
making impossible to extract any information from the data.

Fig. 4.15: XRD plots of samples with different concentration of added AcOH and heat-treated 2 hrs. at
623 K. The samples were taken five days after preparation of the precipitates and the
addition of AcOH.

It is evident from Fig. 4.15 the decrease of the SNR; first with the aging of the samples for five
days and second, the inversely proportional decrease of the SNR with the amount of added AcOH.
Basically, the decrease of the SNR is due to the lack of material from the sample; the noise from the
amorphous substrate (glass) is predominant, and the reduced amount of diffracted radiation that come in
phase from the different planes can barely form a peak on the plot.
67

Figure 16 shows the TEM of a sample taken the same day of preparation and 1 vol.% of added
AcOH.

Fig. 4.16: TEM image of a sample with 1 vol.% of added AcOH, heat-treated for 6 hrs. at 623 K. Small
particles around 20 nm are distinguishable

In accordance with the XRD shown in Fig 4.14, the particles shown in Fig. 4.16 present sizes
~20 nm. In contrast with the image shown in Fig. 4.6, these particles are not as well defined and they are
agglomerated in an apparent less compact way and some of them seem to be coming out from the
sample. Figure 4.17 presents a sample with 15 vol.% of added AcOH and aged for five days.
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Fig. 4.17: TEM image of a sample with 15 vol.% of added AcOH, heat-treated for 6 hrs. at 523 K. There
are two different kinds of distinguishable particles: Long needles coming form the sample
and small particles around 20 nm distinguishable within the bulk of the material.

The TEM image of the sample shown in Fig 4.17 presents at least two different kinds of
structures. The most noticeable are long structures coming out from the sample. These structures are
solid and seem to be composed by ellipsoidal particles. These ellipsoidal structures can be easily noticed
in the upper region of the image where seem to be agglomerated, and immediately bellow them are some
long structures that seem to be growing out from the bulk of the sample.
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Morphology
Based on the results presented in the previous section, this section will present the topographic
study of the different samples analyzed in this work separated in accordance of the concentration of
added AcOH from. All the samples presented in the following subsections correspond to goethite
(unless indicated) and were taken the same day as precipitated and added AcOH.
0.5 vol.% of AcOH
Figure 4.18 presents the image of the surface of the material. It is clear the existence of nets of
material that seem to be attached to the surface only by the edges.

Fig. 4.18: SEM image of a sample with 0.5 vol.% of added AcOH. The entire surface is covered by a
two-dimensional net-like structure. Insert shows a zoom of the central region of the image,
were the burn mark of the electron beam can be seen

A close up to the center region of image shown in Fig. 4.18 (insert) indicates the structure of the
nets; they are composed by thread-like structures randomly bounded. The transversal dimension of the
threads seem to be less than 20 nm, making possible that this threads are composed by particles like the
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ones showed in Fig 4.5. The SEM image shown in Fig. 4.19 represents another image of the sample
where the nets seems to be complete detached from the surface of the sample.

Fig. 4.19: SEM image of a sample with 0.5 vol.% of added AcOH. The three-dimensional structure was
spherical but shrank under the effect of the electron beam

The structure shown in Fig 4.19 was originally spherical, but shrank under the effect of the
electron beam. It is composed by the net structures shown in Fig. 4.18 (see insert). In this case, the
particles at the interface of the net and the surface of the sample remained bonded to the particles within
the surface but pulling them, taking out of the surface and incorporating them to the net structure.
1.1 vol.% of AcOH
Figure 4.20 shows the image of a sample with 1.1 vol.% of added AcOH. The structures are now
larger and growing perpendicular to the surface of the sample.
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Fig. 4.20: SEM image of a sample with 1.1 vol.% of added AcOH. The entire surface is covered by a
three-dimensional structures growing perpendicular to the surface. Insert shows a close up
of the one of the structures. The top of these structures shrank under the electron beam

Some of the structures shown in Fig. 4.20 have a net-like morphology as the structures of the
sample with 0.5 vol.% of added AcOH. In the case of the insert, the close up shows that the structure
ends in a twisted long-thin thread. Figure 4.21 presents another particle of the sample in four different
shoots focusing in one specific nano-structure.
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Fig. 4.21: SEM image of a sample with 1.1 vol.% of added AcOH. The entire surface is covered by a
three-dimensional structures growing normal to the surface. a) Big particle showing nanoneedles growing form the surface; b), c) and d) subsequent close ups of the front corner of
the particle showed in a). The top and the bottom of the nano-net structure shrank under the
electron beam

The morphology in Fig. 4.21 is characterized by a net-like structure depicted by some of the
formations as indicated in Fig 4.20. These structures present the same conformation as the structures
presented by the samples with 0.5 vol.% of added AcOH, it is clear when comparing Figs. 4.21.c and
4.19. At the bottom of the structure (Fig. 4.21.d), it is distinguishable the way that the nets are coming
out form the surface of the sample. The particles coming out of the surface remain attached to the
particles that still are part of the surface, but are detaching too; creating an effect similar to pulling a
thread of beds. When focused for the first time on it, the whole structure in Fig. 4.21.b displayed a tube
like shape that shrank, and the vertical edges of it rolled against themselves. The same effect can be seen
in Fig. 4.21.c, the top of the structure was originally a hemisphere that shrank under the electron beam.
Figure 4.22 shows another particle of the same sample, displaying net-like nano-structures growing
normal to the surface of the sample.
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Fig. 4.22: SEM image of a sample with 1.1 vol.% of added AcOH. The structures in this image are netlike conformed and shrank under the electron beam

The net-like structure at the back plane of Fig. 4.22 presents the same breaking effect as the one
shown in the insert of Fig. 4.18. The nano-net shrank and the composing nanoparticles were not able to
remain bonded. Figure 4.23 shows a more clear analysis of the net-like larger structures. The structures
portrayed in Fig. 4.23 show a ribbon like structure that shrank under the electron beam. The sequence
images a, b shows two to moments of the twisting of the net-like structures. The images c and d are
close ups of the larger ribbon-like structure showed on the previous images in the same figure (Figs.
4.23.a and 4.23.b) and clearly show the effect of the energy of the electron beam on the material.
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Fig. 4.23: SEM image of a sample with 1.1 vol.% of added AcOH. The structures in this image are netlike conformed and shrank under the electron beam

The interaction of the beam with the material and the further shrinkage of the structures could be
the local oxidation of the goethite to hematite following the reaction

!

# Fe2O3 + H2O
2FeO(OH) "e"

(38)

Another possibility is that the shrinkage of the structures occurred due to the loosing of absorbed
water within the goethite. In any case, the structures withstand the heat treatment of two hours at 773 K
as can be seen in Fig. 4.24.
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Fig. 4.24: SEM image of a sample with 1.1 vol.% of added AcOH and heat-treated for 2 hrs. at 773 K.
The tube-like and ribbon-like net nano-structures withstand the heat treatment. Both
structures present shrinkage

It is important to notice that the shape of the structures prevail after oxidation and present the
same effect of shrinkage, making more likely the possibility of this shrinkage be due to water
evaporation/desorption.
2.4 vol.% of AcOH
The increase of the amount of added AcOH to the precipitates presents a new structure and
preserves some of the structures described before as can be seen in Fig. 4.25.
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Fig. 4.25: SEM image of a sample with 2.4 vol.% of added AcOH. a) The tube-like and ribbon-like net
nano-structures can be found at this concentration. b) and c) Sponge like structures

The same tube-like and ribbon-like structures found on samples with 1.1 vol.% of added AcOH
can be found in this sample, but there is a new structure at this concentration; Fig 4.25.b depicts a
sponge-like structure presented in an insert for comparison in this figure, but a larger image is shown in
Fig. 4.26 for detail. This new assembly seems to be the stacking of net-like structures. In this, the
nanoparticles of goethite came out from the surface of the sample but in contrast with the nets showed in
Fig. 4.18 and the vertical structures in Figs. 4.20 to 4.24; there are more particles coming out form the
surface at the same time and closer to each other, remaining attached and creating layers of net-like
structures. In fig. 4.25.c it is noticeable the spongy nanostructure of the sample with features in the range
of the ten or so nanometer. These features, as the ones shown in Fig. 4.24, withstood the 2 hrs. at 773 K
heat treatment without any change on the morphology of the surface, as can be seen on Fig. 4.27.
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Fig. 4.26: SEM image of a sample with 2.4 vol.% of added AcOH. Sponge like structure presented in
insert 4.25.b. The structure is the staking of multiple net-like nanostructures

Fig. 4.27: SEM image of a sample with 2.4 vol.% of added AcOH and heat treatment of 2hrs. at 773 K.
Sponge like structure presented in insert 4.25.c. The structure withstood the heat-treatment
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9.1 vol.% of AcOH
An increase on the amount of AcOH added to the samples result in different effect in comparison
with the previous results as shown in Fig. 4.28.

Fig. 4.28: SEM image of a sample with 9.1 vol.% of added AcOH. The surface of the particle has
exposed its composing nanoparticles and internal cracks

Figure 4.28 shows the image of a sample with 9.1 vol.% of added AcOH. The surface of the
material seems to be corroded by the AcOH, showing the conforming nanoparticles of about 20 nm. IN
this case, the AcOH acted faster and instead of pulling the nanoparticles form the sample, the acid went
into the material, leaving pits all over the surface and making evident the internal nanocracks within the
material.
16.7 vol.% of AcOH
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Further increase of the amount of AcOH added to the precipitates made a dissolving-like effect.
Figure 4.29 clearly depicts this behavior.

Fig. 4.29: SEM image of a sample with 16.7 vol.% of added AcOH. The surface of the particle presents
evidence of dissolution at nano-scale, giving a melting-like effect

The sample in Fig. 4.29 seems to be dissolving under the action of the AcOH. Kuriacose and
Jewur studied the leaching of the ferric oxide by AcOH [108] and found that when there is sufficient
amount of AcOH the final product of the reactions is fine powdered ferric acetate (CH3COO)3Fe. In this
case, the AcOH leaches the goethite and a reaction of ketonization occurs on the surface of the sample,
forming iron acetate that gives the appearance of melting on the surface of the material. This process is
in accordance with the findings of Kuriacose and Jewur [108].
When the sample is subject to heat treatment, the iron acetate is expected to oxidize forming the
most stable ferric oxide, the same hematite as the one formed by the change in phase of the goethite due
to the heat treatment. The final topography of this process is shown in Fig. 4.30.
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Fig. 4.30: SEM image of a sample with 16.7 vol.% of added AcOH. The surface of sample shows
particles of less than 100 nm in size

The particles that can be distinguished from the surface of the sample shown in Fig 4.30 have
sizes below 100 nm but not following a visible trend. Here, the iron acetate oxidizes to hematite on the
surface of the sample and helps to coarse the goethite, which composing nanocrystals are suffering a
change of phase to hematite.
Optical Properties
The transmittance of samples prepared with the concentrations of 0, 0.5, 1.1, 2.4 9.1 and 16.7
vol.% of added AcOH and heat-treated for 2 hrs. at 773 K are presented in Fig 4.31.
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Fig. 4.31: Plots the first derivative of transmittance over energy within the range of Uv-vis radiations of
samples taken from precipitates with the indicated volumes of AcOH and heat-treated for 2
hrs. at 773 K

All the samples present a local minimum around 2.2 eV meaning that the band gap is within the
range of reported values. The difference in size of the local minimums is due to the non-homogeneity of
the samples, further studies showed that the iron oxide is non-uniformly distributed on the substrate,
leaving zones without any material.
4.2

Mixed media: Alcohol-Water
From the literature review, it is well known that one of the most important aspects of growing

nanoparticles by chemical routes is the capping of the particles in order to stop a further increase on their
size; also and depending on the final application, it is important to obtain well dispersed particles.
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The most common method for nanoparticle capping, and dispersion also, is the addition of
organic compounds that attach to the surface of the growing oxide nanoparticles, this blocks the
incorporation of new material on the surface and, because the organic coating, avoids the agglomeration
of the already conformed particles.
4.2.1

Modifications to the basic method of preparation
In other to investigate the effect of a mixed isopropyl alcohol-water (IsOH-H2O) media, the

procedure for preparation of the nanoparticles was modified bay changing the solvent for the iron nitrate
and the washing solvent for IsOH. So the Iron nitrate was dissolved in IsOH, added with the solution of
NH3 in water, and the precipitates were washed with IsOH. The precipitates in IsOH were added with
different volumes of AcOH and spin-coated on silicon substrates.
Crystal structure
The XRD plots of the samples prepared in mixed media and heat-treated for 3 hrs. at 773 K are
presented in Fig. 4.32.
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a)

b)

Fig. 4.32: XRD plots of samples prepared in IsOH-H2O mixed media and heat-treated 3hrs. at 773K. a)
samples obtained the same day of preparation of precipitates b) samples obtained seven
days after preparation of precipitates

It is evident that the reduction of the SNR of the X-rays with the increase of added AcOH and
the same effect due to aging. The plot with the maximum SNR corresponds to the sample obtained the
same day of precipitation of the goethite and without the addition of AcOH; and the sample with the
smallest value of SNR is the sample with 16.7 vol.% of added AcOH and seven days of aging.
As previously stated, the reduction of the SNR (meaning an increase of the noise level compared
with the intensity of the diffraction peaks) could be due to a reduction of the amount of sample under the
X-ray beam. When all the analyses are performed on the same instrument and with the same
experimental conditions, the level of noise is expected to be always at the same level. This fact leaves
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the reduction of material of the sample as the unique cause for such decrease of the SNR, or the increase
of the level of noise in comparison with the intensity of the diffraction peaks.
It is also important to mention that the grain size was not affected by the addition of AcOH
neither the aging of the samples. The average grain size was calculated to be 34 nm without following
any trend. The importance of this is the fact that even though the sample with 16.7 vol.% of added
AcOH and seven days of aging has an apparent SNR of one, the peak centered ~33° is perfectly well
defined and has the same high-to-width ratio (the base of Scherrer’s equation) as the rest of the samples.
Morphology
The morphology of the surface of the samples within the nano-regime is shown in Fig. 4.33. The
images are presented together in order to be able to compare them.
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Fig. 4.33: SEM image of samples deposited seven days after preparation of the sols. Samples prepared
in a) water and 0 vol.% AcOH, b) IsOH and 0 vol.% AcOH, c) IsOH and 1.1 vol.%, d)
IsOH and 2.4 vol.%, e) IsOH and 9.1 vol.% and f) IsOH and 16.7 col.%. Scale bar is 200
nm and applies to all images
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The image shown in Fig. 4.33.a corresponds to a sample prepared in water following the
procedure described in previous sections and left aged for seven days. This sample present the same
morphology as the one shown in Figs. 4.10 and 4.11. It shows a compact agglomeration of particles of
~30 nm with almost non apparent porosity. Figure 4.33.b displays the morphology of as sample prepared
in IsOH-H2O mixed media showing particles that are elongated and with less agglomeration that the
sample prepared in water, demonstrating that dissolving the iron nitrate salt in IsOH improves the
dispersion of the particles. Figure 4.33.c shows a sample with a higher apparent porosity or better
dispersion of the nanoparticles, effect due to the addition of 1.1 vol.% of AcOH. In this case, the AcOH
did not have the effect of pulling particles from the bulk of the sample as happened with the samples
prepared in water media. Figure 4.33.d shows a sample prepared in mixed media and 2.4 vol.% of added
AcOH, this sample depicts the same melting effect presented by the sample with 16.7 vol.% prepared in
water, an indication of the interaction between IsOH and AcOH. Finally, Figs. 4.33.e and 4.33.f present
the samples with 9.1 and 16.7 vol.% respectively. These samples show the same tendency of increased
coarsening between the nanoparticles. Fig 4.33.f shows the same characteristics of the sample on fig.
4.30; being the only difference the solvent used during precipitation.
Several images at low magnification were taken in order to investigate the decrease of the SNR
showed by the XRD plot on Fig. 4.32. The images in Fig. 4.34 show the effect of the increasing amount
of AcOH added to the precipitates. The sample without added AcOH depicts large areas without any
sample on the surface; there are big clusters of material all around the substrate, being they responsible
for the well-defined diffraction peaks on Fig. 4.32.a.
The addition of 0.5 vol.% of AcOH to the precipitates shows to improve the adhesion of the
material to the substrate. The left region of the image 4.34.b corresponds to the center of the substrate;
meanwhile the right zone corresponds to the edge of it. The cracking at the edge is due to the larger
thickness of the sample in comparison with the thickness at the center of the substrate. In ideal
conditions, the thickness of the film is uniform but in real cases the center could be thinner or thicker
depending on the speed of the system.
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Fig. 4.34: SEM image of Samples deposited by spin-coating method on silicon substrates aged for even
days. Samples prepared in isopropanol and a) 0 vol.% AcOH, b) 0.5 vol.% AcOH, c) 1.1
vol.% AcOH and d) 9.1 vol.% AcOH. Scale bar is 1 mm and applies to all images

Figure 4.34.c corresponds to a sample with 1.1 vol.% of added AcOH. On this sample there are
no evident zones without sample on them, making a uniform distribution of the material on the whole
surface of the sample. The image of a sample with 9.1 vol.% of added AcOH is shown in Fig 4.34.d and
it also presents a substrate completely cover with the sample. The images shown in Fig. 4.35 are pictures
at higher magnification in order to corroborate the uniform distribution of the sample on the substrate.
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Fig. 4.35: SEM image of Samples deposited by spin-coating method on silicon substrates after seven
days of aging. Samples prepared in isopropanol and a) 0 vol.% AcOH, b) 0.5 vol.% AcOH,
c) 1.1 vol.% AcOH and d) 9.1 vol.% AcOH. Scale bar is 100 am and applies to all images

The sample with no AcOH addition shows larger zones without sample on the surface of the
substrate (Fig. 4.35.a). The addition of 0.5 vol.% reduced the size and number of the regions without
sample on them; and further increase showed to improve the uniformity in coverage of the sample on the
substrate. The big clusters of material are due to the high concentration of starter solutions and the fact
that there was no filtering of the samples in order to achieve a high yield of material.
The fact that the uniformity of the films is related to the volume of AcOH added to the
precipitates makes it possible that the AcOH is also related to the decrease on the SNR as shown by the
XRD plots on Fig. 4.32.
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The increase of the coverage of the sample on the substrate indicates that the adhesion of the
material to the substrate was improved, being this possible because the acetic acid changed the surface
free energy of the particles, not only by the absorption of the AcOH into the goethite but also due to a
more favorable surface free energy of the iron acetate produced by the reaction of the hydroxide with the
AcOH.
The change on the adhesion of the material to the substrate due to the addition of AcOH (Figs.
4.35 and 4.35) and the increase on the coarsening of the nanoparticles (Fig. 4.33) opens the possibility
for a more uniform and thinner film. This reduction on the thickness of the film will decrease the
volume of sample distributed on the substrate. The amount of material will be reflected on the intensity
of the diffracted x-rays: big amounts of material will provide higher intensities of diffracted x-rays,
small amounts of sample will reduce the intensity of the diffracted x-rays coming from the sample. The
previous sequence of effects is in accordance with the XRD patterns shown on Fig. 4.32.a
Optical properties
The band gap of the samples prepared in IsOH-H2O mixed media was calculated making use of
the first derivative as explained in previous sections. The results of the first derivative for the set of these
samples are shown in Fig. 4.36. These are in accordance with the reported value of ~2.16 eV. In this
case, all the samples present a peak around the value of the band gap, but the difference in value of the
local minima makes impossible to distinguish if there is a difference between the values of the energy at
each minimum. The local minimum of the first derivative locally means the fastest ratio of change of the
function as its input changes (see previous sections); and the cero values of the first derivative happen
when the function is at a local maximum or minimum. The later concept can be used to calculate the
value of the energy where the ratio of change of the transmittance versus the energy of the photon is
maximum or, in our particular case of interest, minimum. This means that we need to calculate the first
derivative of the ratio of change dT/dE versus the change in energy of the incident beam of photons E
d dT
d 2T
dE
!
dE dE 2
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(39)

The plot of the second derivative of transmittance over energy is presented on fig. 4.37

Fig. 4.36: Plots the first derivative of transmittance over energy within the range of Uv-vis radiations.
The samples were taken from precipitates prepared in IsOH-H2O mixed media, with the
indicated volumes of AcOH and heat-treated for 3 hrs. at 773 K

The largest difference between the values of the band gaps of the different samples is only 0.04
eV, which is so small to talk about an effective modification of the band gap or to suggest a quantitative
analysis, but is interesting to note the trend of the values and propose a qualitative analysis. The value of
the band gap of the material rises from the smallest band gap value shown by the sample with no AcOH
up to the maximum value corresponding to the sample with 2.4 vol.% of added AcOH, and the last
sample (16.7 vol.% of added AcOH) decreases to an intermediate value.
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Fig. 4.37: Analysis of the second derivative of transmittance versus energy. The intersection with
abscise indicates the local minimum of the transmittance, being this point the value in
energy when the ratio of change in absorbance over the change in energy was maximum.
This is also the value we report as the band gap.

The previous analysis has the unique purpose of noticing the trend of the values and not to
propose an effective change of the band gap of the material, at least not with the present research and
results.
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4.3

Doping: effect of the inclusion of salts with different cations
The preparation of pure materials showed to be successful, but as previously stated, most of the

times it is needed to incorporate doping materials in order to achieve the desired properties. The results
of the incorporation of different cations to the material are presented in this section.
The basic procedure presented in Fig. 4.1 was modified in order to have compatibility between
the salts. The mayor change was the substitution of Fe ( NO3 )3 ! 9H 2 O by FeCl3 ! 6H 2 O because all the
dopant salts were chlorides. This changed the original reaction (34) to

FeCl3 ! 6H 2 O + NH 3 " FeO (OH ) + NH 4Cl + H 2 O

4.3.1

(40)

Incorporation of Fe2+
The first cation under research was Fe2+ and was added in a ratio of 1:1 in order to achieve the

reaction

2FeCl3 + FeCl2 + 8NH 3 + 4H 2 O ! Fe3O 4 + 8NH 4Cl

(41)

where the water from the salts was not include, assuming it to be incorporated to the solvent. Reaction
(41) was chose because it is easy to characterize the procedure based on the resulting material.
Crystal structure
The XRD plots of the samples prepared following the previously described reaction and heat
treated for 2 hrs. at different temperatures are presented in Fig. 4.38. The XRD curves of the samples
from RT up to 573 K were indexed as iron (III) oxide, magnetite HP ( Fe3O 4 , Oh7 , [133]) with an average
grain size of 10 nm. The sample subjected to a heat treatment at 773 K was indexed as hematite [131]
and the grain size was calculated to be ~35 nm. This transformation was expected to happen in
accordance with the literature [27].
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Fig. 4.38: SEM image of a sample with 16.7 vol.% of added AcOH. The surface of the particle presents
evidence of dissolution at nano-scale, giving a melting-like effect

The average grain size of the samples was corroborated by TEM and HRTEM images, presented
in Figs. 4.39 and 4.40. The average grain size is around the grain size calculated from XRD plots. It can
be especially corroborated in Fig. 4.40. It is easy to distinguish the cube-like shape of the nanocrystals,
this shape is in accordance with the literature [27]
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Fig. 4.39: TEM image of a sample of magnetite and with no heat treatment
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Fig. 4.40: HRTEM image of magnetite with no heat treatment. Cubic particles are distinguishable and
show dimensions around 10 nm
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Fig. 4.41: TEM image of a sample of hematite, product of the 3 hrs. at 773 K heat treatment of
magnetite produced following reaction 41

Morphology
The morphology of the particles of magnetite were not visibly affected by the addition of AcOH as can
be seen in Figs. 4.42 and 4.43. It is evident the null affectation on the surface of the magnetite due to
AcOH. The same behavior was seen on all the samples.
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Fig. 4.42: SEM image of a magnetite sample heat-treated 3 hrs. at 623 K and non-added AcOH

Fig. 4.43: SEM image of a magnetite sample heat-treated 3 hrs. at 623 K and 1 vol.% added AcOH
98

Optical Properties
Figure 4.42 shows the plot of the first derivative of the transmittance versus the energy. This plot
presents many peaks that do not follow a defined trend. This behavior is possible because the metastable
nature of the magnetite, even at RT magnetite can be oxidized to maghemite immediately after
formation to ratios Fe2+ / (Fe2+ + Fe3+ ) = 0.2 – 0.3. The extreme case of oxidation of magnetite to
maghemite by the ejection of 11% of Fe from the structure following the reaction [27]

Fe3O 4 ! Fe 2.67 ☐ 0.33 O 4

(41)

This oxidation preserves the cubic structure and makes hard to distinguish with a simple analysis the
material by XRD analysis, opening the possibility of having maghemite instead of hematite, it is
especially probable with the samples that received a heat treatment above 373 K.

Fig. 4.44: Plots the first derivative of transmittance over energy within the range of Uv-vis radiations.
Magnetite subject to a heat treatment for 3 hrs. and the temperature specified for each trace.
The difference in band gap and the appearance of many more local minima could be due to
absorbed water and the oxidation of the sample to maghemite
99

4.3.2

Incorporation of Ni2+ and Sn4+
As previously stated in this work, the addition of foreign elements may change the properties of

the materials, which can be sometimes deleterious and sometimes for advantageous with significant
enhancement in overall efficiency. In this case, Ni and Sn were used as impurities on the iron oxide
system. The selection of dopants was made due to the catalytic properties of these metals when oxidized
[42, 59, 134]. Some basic results are shown in this section, just to confirm that the method is suitable for
doping the iron oxide.
The preparation of the samples followed the same procedure (Fig 4.1) but using chloride salts
instead of iron nitrate, so the governing reaction is expected to be is reaction (40). The dopant cations
were dissolved separately in water to a fixed concentration, and then added in accordance with the
desired concentrations. After the precipitation, AcOH was added in a 1:1 volumetric relation. The heat
treatment lasted 2 hrs. and was carried on at 773 K.
Crystal structure

100

Fig. 4.45: XRD plots of iron oxide with different concentrations of Ni and Sn

The XRD plots of the samples with different concentrations of Sn and Ni are shown in Fig. 4.45.
On these plots is evident the absence of well defined diffraction peaks. The only sample with two broad
and well-defined peaks is the sample with the 1:1000 Sn:Fe ratio. This nonexistence of well-defined
peaks may be due to the fact that the high concentration of AcOH reduced considerably the thickness of
the film or to the fact that the incorporation of cations into some oxides reduces the crystalline grain size
[134-136]
Optical Properties
The optical properties of the doped samples are shown in Fig 4.46. The reduction of noise on all
the traces of Fig. 4.46 is due to enhance of the quality of the film.
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Fig. 4.46: Plots of the first derivative of transmittance over energy within the range of Uv-vis radiations.
The concentration of the dopant is indicated on the legend.

Previous samples where non-homogeneous as shown in Fig. 4.34a, but the increase of added
AcOH proved to improve the homogeneity of the thin film (Fig. 4.34.d); the large amount of AcOH used
for this samples (ratio 1:1 in volume) was originally set to fulfill this propose.
Figure 4.47 show the second derivative of the transmittance over the energy within the Uv-vis
range of radiations of the samples with Ni and Sn dopants. The trend followed by the samples with
added Sn was confirmed by a subsequent analysis (not shown) with almost the exact same numbers,
meanwhile the Ni doped samples did not repeat the same trend on the followed analyses.
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Fig. 4.47: Plots the second derivative of transmittance over energy within the range of Uv-vis radiations.
The trend followed by the samples with added Sn was confirmed by a subsequent analysis
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Chapter 5: Conclusions
There are many useful conclusions that can be derived from the present research work. The
following are the most prominent of all.
5.1

Water Based Media
The basic procedure for production of Fe-O/OH materials gave the desired results, and it was

successfully modified to reach the goal of structure modification by the addition of AcOH, without
modifying the original phase and grain size of the nanoparticles.
The addition of AcOH changed the morphology of the precipitates. The structures formed on the
surface are promising for the water splitting application due to the possibility of having an extremely
high surface area-to-volume ratio.
The 2D net-like structures obtained by the addition of 0.5 vol.% of AcOH, the 1D vertical
structures that appeared at 1.1 vol.% of added AcOH and the 3D sponge-like structures obtained with
the addition of 2.4 vol.% AcOH represent each one an opportunity to enhance the photo-catalytic
activity of the Fe-O/OH.
5.2

Mixed media: Alcohol-Water
The change of the solvent media from pure water to a mixed IsOH-H2O media improved the

dispersion of the nanoparticles produced by precipitation. The IsOH avoided the agglomeration of the
goethite nanoparticles leaving a well disperse suspension.
The addition of AcOH to the precipitates suspended in IsOH increased the adhesion of the
particles to the substrate, making it ideal for depositing thin films by spin-coating or dip-on techniques.
Simultaneously, the adhesion of the particles improved the homogeneity of the films.
As a counter effect of the addition of AcOH to precipitates suspended in IsOH, it was found that
the excess of AcOH decreases the apparent nano-porosity of the materials.
5.3

Doping: Effect of the inclusion of salts with different Cations
The procedure to obtain Fe-O/OH nanoparticles used in this research was successfully tested to

grew cubic symmetry Fe-O/OH. However, while a more detailed account of experiments and analysis is
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needed, we cannot definitely conclude if the final magnetite (Fe3O4) product of reaction (41) remained
or, because its metastable nature, oxidized to maghemite (γ- Fe2O3). In order to be able to exactly
characterize the material, an extensive XRD analysis must be done. Another possibility is to perform a
FT-IR and Raman characterization in order to identify the chemical bonds in this material.
The incorporation of different metallic cations was performed but only in a basic sense. The only
conclusive results are Uv-vis, revealing that the Sn doping induced a minimal change in band gap that
follows an specific trend; meanwhile the doping with Ni does not produce any conclusive result.
5.4

General Conclusions
The main goal of the research was achieved. The materials prepared in this work showed

structural properties that will enhance the catalytic and photo-catalytic response of a device made with
these materials.
We successfully showed the use of the first and second derivatives of transmittance versus
energy as a useful tool to measure the band gap of a material. It is well known that this method is not
fully developed and some work must be done in order to have a powerful method that may be able to
help in the characterization of the electronic structure of a material based in an easy-to-obtain Uv-vis
transmittance characterization.
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